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1.      Overview 1 

The SS EL Faro was built in 1975 at Sun Shipbuilding and Dry Dock as a Roll on Roll off 2 
vessel.  In 1992 she was lengthened by adding 90 feet of parallel mid-body and in 2006 the then-3 
named SS Northern Lights was converted to a con/ro vessel, which carried containers on the 4 
main deck and Roll on / Roll Off (Ro-Ro) cargo below the main deck.  5 

The 1992 conversion involving the addition of 90 foot of parallel mid-body to the vessel was 6 
considered a major conversion, under U.S. law,1 according to the U.S. Coast Guard.  Accordingly, 7 
the entire vessel was required to “meet all current standards, as far as is reasonable and practicable, 8 
in effect at the contract date of [the] major conversion.” See U.S. Coast Guard Navigation & 9 
Vessel Inspection Circular 10-81, Ch. 1, Enc. 1 at p. 2.  The ship, then-named the Northern Lights, 10 
was in the Alaska service through 2006. 11 

The U.S. Coast Guard did not consider the 2006 conversion to be a major conversion.  12 
Accordingly, as a general matter, the latest statutory rules at the time of the conversion did not 13 
apply. The 2006 conversion involved the removal of the partial spar deck forward of the house and 14 
above the main deck, adding beams to the main deck for strength to carry containers, the addition 15 
of approximately 2000 long tons of permanent ballast, and increasing the load line draft 16 
approximately 2 feet to 30’2-5/8”. The 2006 conversion allowed the vessel to carry Container 17 
Cargo on deck and Ro-Ro cargo below deck.  After this (2006) conversion the ship was renamed 18 
the SS El Faro. 19 

After the 2006 conversion, the El Faro was used in service between Jacksonville Florida and San 20 
Juan Puerto Rico.  At the time of the loss, the EL Faro and was due to go into the shipyard in 21 
February 2016 for a regular shipyard over hall. The SS El Faro was to be back to the Alaska 22 
service. A riding crew of five workers were on board installing equipment necessary for Alaska 23 
service (but this equipment was and not needed in its present service). 24 

The SS El Faro set sail from Jacksonville, Florida on September 29, 2015 in route to San Juan, 25 
Puerto Rico.  On October 1, 2015 at about 0730, local time the SS El Faro was lost in hurricane 26 
Joaquin. 27 

This report assesses the condition of the SS El Faro at its departure from Jacksonville on 28 
September 29, 2015, and at various stages along the vessel’s voyage prior to it is sinking.  The 29 
opinions expressed herein are based on various sources of vessel documentation that I have 30 
reviewed, testimony given at the NTSB/USCG MBI hearings, and my education, training, and 31 
experience and are provided to a reasonable degree of engineering certainty. 32 

The stability criteria applicable to the SS El Faro dates back to the 1992 major conversion; 33 
namely, the USCG Weather Criteria 46 CFR 170.170, and the SOLAS Probabilistic Damaged 34 
Stability requirements that were in force in 1992. 35 

                                                            
1 See 46 U.S.C. § 2101. 
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2.      Stability Characteristics on Voyage 185S and Required GM 1 

 I evaluated various aspects of the loss of the EL FARO, as set forth below, including an 2 
evaluation of the vessel’s compliance with applicable stability requirements.  As a practicing 3 
Naval Architect and Professor of Naval Architecture S.U.N.Y. Maritime College, at Fort 4 
Schuyler, N.Y. for more than 41 years, I have performed stability analyses on more than 200 5 
vessels, and have develop Trim & Stability Books, or similar stability guidance for Masters, 6 
for over 100 vessels. I also served as instructor for the use of CARGOMAX for Chief Mates 7 
and Captains for a new class of nine container vessels for a major US Flag carrier. Such 8 
guidance is usually submitted for review and approval to the American Bureau of Shipping 9 
(ABS) and/or the U.S. Coast Guard.  I have routinely used CARGOMAX/HECSALV2 for 10 
more than 30 years in the course of my work. 11 

i.  Departure Condition Comparison: T&S Book and CARGOMAX  12 

The stability of the SS El Faro on voyage 185S departing Jacksonville Florida heading to San 13 
Juan, Puerto Rico, was first evaluated by using hydrostatics and calculation procedures from 14 
the stability booklet, DWG No. 1252-700-602, Rev E, dated February 14, 2007 with the ABS 15 
approval stamp dated May 31, 2007.  Results are shown in Table 1. 16 

Separately, I also computed the trim and stability of the SS El Faro for voyage 185S using 17 
the CARGO MAX software used by El Faro crew and shore side personnel.  In comparing 18 
the results of the two sets of calculations, CARGOMAX computes the stability within the 19 
accuracy of the T & S book.  A comparison of these two sets of calculations is shown in 20 
Table 2.  As shown below, the calculations using the stability booklet and CARGOMAX are 21 
virtually identical and the differences are well within acceptable tolerances. The tolerance is 22 
within the classification society standards. 23 

In the stability tables the following symbols are used; 24 
 25 
FO = Fuel Oil FW = Fresh Water SWB = Salt Water Ballast 26 
vcg = vertical center of gravity  VM = Vertical Moment 27 
lcg = longitudinal center of gravity   LM = Longitudinal Moment 28 
tcg = Transverse center of gravity TM = Transverse Moment 29 
FSM = Liquid Free Surface Moment FS = Free Surface correction for KG 30 
KG = height of the vessels center of gravity above the keel 31 
LCG and TCG location of the center of gravity from midships or centerline. 32 
 33 
 34 

                                                            
2 CARGOMAX AND HECSALVE are software products of Herbert Engineering Corp. CARGOMAX is used by 
ship operators throughout the world and HECSALV is used by Naval Architects. 
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 1 
Table 1 – T&S Book Stability Results 2 

Voyage 185S - SS El Faro 
JAX/SJ  T&S BOOK Procedure     

item weight vcg VM lcg LM(-A+F) tcg TM(-P+S) FSM 

Lightship 19943.0 27.820 554814 -45.135 -900127 0.000 0   

Constant 171.9 52.859 9086 -52.932 -9099 0.000 0   

Containers 6864.7 77.011 528657 -45.019 -309042 -0.109 -748   

RO/RO 4183.9 38.434 160804 5.172 21639 0.908 3799   

FO 1272.0 5.927 7539 -87.371 -111136 0.000 0 10922.3

FW 1863.0 11.892 22155 37.700 70235 0.543 1012 2620.9

SWB 238.0 17.510 4167 63.674 15154 9.049 2154 228.4

Misc. Tks 90.7 29.594 2684 61.325 5562 -3.710 -336 109.2

1289908 -1216813 5880 13881

WEIGHT= 34627.2 KG= 37.251 LCG= -35.140 TCG= 0.170 

FS= 0.401 

KG'= 37.652 
 From T&S Book at even keel 

@ 34667 Displacement 
Tm= 30.198 Mean draft 

 LCB= 24.515 Longitudinal Center of Buoyancy    
LCF= 59.825 Longitudinal Center of Flotation 

MCT1”= 5282 Moment to Change Trim 1" 
KMt= 41.93 Transverse Metacentric Height 
TPI= 124.74 Tons per Inch Immersion 

Calculated 
GMt = 4.278 Transverse GM including Free Surface 
trim= -5.805 

Angle Heel= 2.27 DEGREES 
 3 

Table 2 Comparison of CARGOMAX and T&S BOOK Results 4 

CARGOMAX T&S Book  

@ 34627.2 34667  
Long 
Tons 

Tm= 30.163 30.198 Feet 

LCB= -24.54 -24.515 Feet 

LCF= -59.865 -59.825 Feet 

MCT1= 5278 5282 Ft LT 

KMt= 41.934 41.93 @ 5’ TRIM,41.5 even keel 

TPI= 124.74 

GMt = 4.282 4.278 Feet 

trim= -5.795 -5.805 Feet 
Angle Heel= 2.27 2.27 DEGREES 
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CARGOMAX does indicate an angle of list, which is, according to testimony, not typically 1 
observed on board the vessel.  Based on a review of the inclining experiment results, this can be 2 
explained in that the El Faro lightship has an off centerline center of gravity (TCG) not reflected 3 
in the T&S book or CARGOMAX.  The calculation of TCG was not required by regulation or 4 
any U.S. Coast Guard policy.   Based on testimony of various witnesses, as a matter of 5 
operational procedure, the ship’s tanks and cargo are loaded to remove the list angle 6 
compensating for the off center TCG of the lightship. There is no provision for calculating list in 7 
the T&S book, nor was there a requirement to do so in the regulations at the time of the approval. 8 
When the “corrected “ calculations are preformed below, the calculated angle still remains 1.35 9 
degrees  if TCG of the lightship is included, the results are shown in Table 3 below. Note, 10 
however, because there was no requirement to actually calculate and use TCG in the 11 
performance of the stability test, the TCG listed in the stability test results cannot be relied with 12 
absolute certainty.  In any event, the stability test results appear accurate.  An accurate and 13 
examination of TCG during the inclining would have given us certainty, however it was not done 14 
and not required. 15 

 16 

Table 3 –Calculation with lightship TCG 17 

Voyage 185S - SS El Faro - JAX/SJ With Lightship TCG 

item weight vcg VM lcg LM(-A+F) tcg 
TM(-
P+S) FSM 

Lightship 19943.0 27.820 554814 -45.135 -900127 -0.120 -2393   

Constant 171.9 52.859 9086 -52.932 -9099 0.000 0   

Containers 6864.7 77.011 528657 -45.019 -309042 -0.109 -748   

RO/RO 4183.9 38.434 160804 5.172 21639 0.908 3799   

FO 1272.0 5.927 7539 -87.371 -111136 0.000 0 10922.3 

FW 1863.0 11.892 22155 37.700 70235 0.543 1012 2620.9 

SWB 238.0 17.510 4167 63.674 15154 9.049 2154 228.4 

Misc. Tks. 90.7 29.594 2684 61.325 5562 -3.710 -336 109.2 

1289908 -1216813 3486 13881 

WEIGHT= 34627.2 KG= 37.251 LCG= -35.140 TCG= 0.101 

FS= 0.401 

KG'= 37.652 

CARGO MAX 

@ 34627.2 Tons Displacement 

Tm= 30.163 Mean Draft 

LCB= -24.54 Longitudinal Center of Buoyancy 

LCF= -59.865 Longitudinal Center of Flotation 

MCT1”= 5278 Moment to Change Trim 1" 

KMt= 41.934 Transverse Metacentric Height 

GMt = 4.282 Transverse GM including Free Surface 
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trim= -5.795 

Angle Heel= 1.35 DEGREES 
 1 

CARGOMAX load cases for this vessel typically indicates a slight angle of heel where a lower 2 
angle of heel is observed.  Actual cause as shown in Table 3 is the off centerline (TCG) of the 3 
lightship not included in the trim and Stability book or CARGOMAX. 4 

ii  Comparison: Table of Offsets 1992-2010 5 

I compared the available offsets from 1992 (GHS), 2006 (GHS), 2007 (CARGOMAX), 2010 6 
(CARGOMAX)3 and original shipyard offsets.  I also calculated the hydrostatic properties for 7 
the above offsets using HECSALV, Rhino/Orca and MAXSURF4 Stability.  Results of the 8 
calculation show the hydrostatics properties calculated in each program are the same. 9 

Free surface moment is computed as actual moment in each tank group or the largest free surface 10 
moment from any two of the largest tanks in each tank group.  The free surface used in the 11 
calculations is the larger of the two.   12 

Some of the CARGOMAX records I reviewed for the El Faro showed what might be perceived 13 
as discrepancies in draft observed vs. draft calculated in CARGOMAX. These perceived 14 
discrepancies, however, can be attributed to variable salinity (and specific gravity) at the dock in 15 
Jacksonville versus open seawater salinity.  The specific gravity of the water at the dock can vary 16 
from 1.001 to 1.025 (standard seawater).  When corrected for salinity, the drafts observed and 17 
the CARGOMAX calculated drafts were generally the same. 18 

The difference in angle of heel is explained in Table 3. 19 

 20 

iii.               GM Requirements (Intact & Damage) 21 

a. Intact Stability Requirements 22 
CARGOMAX uses the USCG weather criteria to determine the required GM.  23 
The weather criteria in CARGOMAX can be selected as a specific number of 24 
tiers of containers on deck or a specific profile of containers above three tiers on 25 
deck.  It also has an “auto wind heel” feature that calculates the weather criteria 26 
based on actual container profile.  The Trim and Stability Book, by contrast, has 27 
required GM curves based on discrete number of containers on deck (e.g. two 28 
tier, three tier, etc.).  The auto wind heel feature in CARGOMAX is the most 29 

                                                            
3 GHS – General Hydrostatics Program – Creative Systems 
CARGOMAX – Herbert Engineering Stability Software 
4 HECSALV – Herbert Engineering NA software 
Rhino/Orca Rhinoceros5 graphic software with Orca Stability add in 
Bentley engineering Software - MAXSURF Stability 
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accurate way to calculate required GM since it uses the actual container profile 1 
in the calculation.  Based on my review, the required GM curves in the Trim and 2 
Stability book and CARGOMAX, and the auto wind heel feature in 3 
CARGOMAX, are true and accurate and in accordance with the USCG Weather 4 
criteria in 46 CFR 170.170.  Due to the age of the El Faro and its last major 5 
conversion in 1992, it is my opinion that the USCG weather criteria is the 6 
correct criteria applicable for the vessel.5 7 
 8 

b. Damage Stability Requirements 9 

The case documentation I have reviewed also indicates that the SS El Faro was 10 
required by the U.S. Coast Guard to satisfy the SOLAS Probabilistic Damage 11 
Stability requirements in force in 1992, as a result of the 1992 major conversion.  12 
The damage stability (and intact stability) calculations were submitted and 13 
approved by ABS in the course of the 1992 conversion.  14 

There is no mention of probabilistic damage stability requirements in 15 
CARGOMAX, in the approved Trim and Stability book from 2006, or in any of 16 
the supporting calculations. I have not been provided any evidence that 17 
calculations were submitted to and approved by ABS at the time of the 2006 18 
conversion and stability approval6. 19 
 20 

c. Required GM Curves 21 
When both intact and damage stability requirements apply, as in the case of the 22 
El Faro, the GM requirements for all drafts should be calculated and compared 23 
using both criteria.  Whichever criteria results in a greater required GM is the 24 
governing, minimum GM requirements.   25 
After this is evaluated for all drafts, a “required GM curve” is produced for use 26 
by the vessel’s personnel, and incorporated into CARGOMAX.  In the case of 27 
the El Faro, the required GM curve is on page 16 of the El Faro’s approved 28 
Trim & Stability Booklet.  29 
In this case, I first calculated the required GM curve based the U.S. Coast Guard 30 
weather criteria for one, two, and three tiers of containers (shown in orange, 31 
blue, and maroon curves in Figure 1, respectively).  I then calculated the 32 
required GM based on the 1992 SOLAS Probabilistic Damaged Stability 33 
requirements in force at the time of the major conversion of the SS El Faro. This 34 
is also depicted in Figure 1 (in baby blue).  Finally, ABS also calculated the 35 

                                                            
 
6 Because the vessels draft was increased by approximately 2 feet in 2006, a damage stability analysis should have 
been performed (in my opinion). However, this apparent oversight is of no consequence in this case. 
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Voyage GM 185SSOLAS Probabilistic Damage Stability for the load line draft, shown below in 1 
Figure 1 (in gray/light blue).  Figure 1 also shows the actual GM of the SS El 2 
Faro on departure from Jacksonville on September 29, 2015 3 

 4 

Figure 1 Weather Criteria and Probabilistic Damaged Stability Required GM. 5 

As shown above, the required GM for two and three tiers for the weather criteria are higher than 6 
the GM required by the Probabilistic Damaged Stability requirements.  Specifics relevant to 7 
voyage 185S are noted as follows: 8 

- Actual GM corrected for free surface voyage 185S departure is 4.28 feet. 9 

- GM required by weather criteria three triers is 3.91 feet. 10 

- GM required by weather criteria auto wind heel is 3.63 feet. 11 

- GM required by the SOLAS Probabilistic Damage Stability requirements is 2.90 feet. 12 

Actual GM exceeded required GM in all cases. 13 

For the accident voyage, the U.S. Coast Guard weather criteria resulted in the most restrictive 14 
GM requirements.  In fact, application of the Probabilistic Damage Stability requirements would 15 
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only affect the required GM if the SS El Faro were carrying less than two tires of containers on 1 
deck.7   2 

iv.               Tote Practice - “GM Margin” 3 

Tote had a practice of having a GM margin of 0.5 feet upon departing Jacksonville, which allows  4 
for the loss in GM due to the burn off of fuel and consumables.  The loss in GM was calculated 5 
for voyage 185S as well as several prior voyages.  When calculating arrival GM in San Juan 6 
starting with departure GM in Jacksonville the reduction in GM is always less than 0.5 feet.  This 7 
validates the goal of having a GM margin of at least 0.5 feet.   8 

Another valid practice would be for the mates to calculate both departure and expected arrival 9 
condition before departing Jacksonville, verifying that both arrival and departure conditions meet 10 
the applicable GM requirements. 11 

In my opinion, either method described above is valid. Tote used a method for the SS El Faro 12 
that is an acceptable method to comply with GM requirements during the voyage from 13 
Jacksonville to San Juan. 14 

The Final Trim and Stability condition for the SS El Faro shows a departure ship weight of 15 
34,624.5 Long Tons with an LCF draft of 30.163 feet and a mid-ship draft 29.76 feet with a trim 16 
of 5.797 feet by the stern.  The displacement at the 30.198 foot even keel load line draft is 34,677 17 
Long Tons.  This yields an available deadweight of 52.5 long tons in this loaded condition based 18 
on information in the Trim and Stability booklet, with the ship at even keel with no trim.  19 

However, using the midships draft of 29.76, accounting for trim, yields an available deadweight 20 
in excess of 600 Long Tons; CARGOMAX correctly and more accurately calculates available 21 
deadweight using mid-ships draft.8   In other words, the EL FARO could have loaded 22 
approximately 600 Long Tons of additional weight (cargo, fuel, ballast, etc.) and still be within 23 
its maximum draft limitations. 24 

The ballasting options for the SS El Faro were limited to adding ballast to DT No. 1A  and Aft 25 
Peak tanks port, starboard and center. The total available salt water ballast capacity of 1294.7 26 

                                                            
7 Accordingly, in my opinion, the apparent failure to incorporate the SOLAS Probabilistic Damage Stability 
requirements into the required GM curve, approved for the vessel by ABS, played no role in the casualty.  The main 
in reason for this conclusion is that the GM of the vessel on the accident voyage is far in excess of the minimum GM 
requirements established by the SOLAS damage stability requirements.  In addition, the required GM curves for one 
(or two) tiers of containers on deck are not applicable to the EL FARO’s final voyage, since the vessel was carrying 
3-4 containers on deck.     

8 The difference between the available deadweight calculated using the Trim & Stability Booklet and CARGOMAX 
is easily explained.  When ships are trimmed by the stern, as the El Faro was on its final voyage, the volume of 
displacement generally increases and therefore the deadweight capacity increases.  This increase in displacement 
due to trim by the stern is not accounted for in the Trim and Stability Book; the method used in the Trim & Stability 
Book simplifies the manual calculations performed by the mates, but underestimates the available deadweight.  The 
method used in CARGOMAX for calculating available deadweight is more accurate.   
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long tons. This total exceeds the ships available deadweight and allows for addition ballasting as 1 
fuel is burned off.  2 

The available deadweight leaves options to add ballast to increase stability during this voyage.  3 
DT No. 1A had 150 LT of ballast, upon departure.  If 75.5 LT of ballast are added to this tank 4 
the GMt would be increased by 0.024 feet and the GMt margin would increase by 0.004 feet, 5 
including the effects of free surface.  6 

With 600 long tons of available deadweight, you can add 100 Long Tons of Sea water ballast to 7 
DT No. 1A and including the effects of lower weight and free surface you can increase the GMt 8 
by 0.03 feet and increase the GM margin accordingly. 9 

Additional ballast can be added as fuel is burned off during the voyage.  An additional 349 LT 10 
can be added to DT No. 1A to replace burned off fuel, filling the tank and eliminating the tanks 11 
free surface effect. 12 

In addition, if ballast water in the AFT Peak S tanks is removed and then added to the DT No. 13 
1A the ships VCG would be lowered by 0.05 feet and there would be no Free Surface effect from 14 
the emptied tank increasing GMt by an additional 0.055 feet.  The total increase in GMt would be 15 
0.085 feet by shifting and adding ballast. 16 

Additional ballast capacity is available in the No.2 INBD P/S DB (and could have been) 17 
ballasted while at sea. Theses tanks in CARGOMAX are designated as fresh water tanks, but I 18 
am advised by Tote operational personnel that these tanks were fully capable of receiving salt-19 
water ballast at sea. I have reviewed ballast water inventory records, which confirms this.  20 

   21 
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3.      Stability Characteristics & Effects of Operating Environment 1 

i.       Effects of water on the Shelter Deck 2 

Some witnesses testified that the Ponce class vessels occasionally experienced green water on 3 
deck in instances of heavy weather; therefore, I evaluated the potential impact this might have on 4 
the vessel’s stability.   The presence of water on the deck adversely affects the stability of the 5 
vessel in two ways. First, it increases the vessel’s VCG and therefore decreases the vessel’s GM. 6 
Second, the presence of such water will also increase the free surface effect on the vessel.  7 
However, at the same time, the water that enters the shelter deck will tend to quickly be shed 8 
overboard through drains and freeing ports all along the deck.   9 

To reduce the GM to one-half its original value would require almost 8000 tons of water on 10 
deck.  With the available drainage of the openings in the shelter deck, this would in my opinion 11 
be impossible. 8000 Long tons of water on the second deck would be approximately 4.25 of 12 
water (average height) over the entire deck. 13 

To remove the GM margin of 0.640 feet - thereby placing the vessel’s stability within the 14 
minimum applicable regulatory requirements - would require about 3000 tons of water on the 15 
shelter deck.  This would be an average of 1.65 feet of water on the entire deck area.   Both 16 
examples above take into account the weight of the water and its free surface; however, the 17 
available drainage would not likely allow these heights of water on deck.   18 

In my opinion, water on deck would alone not be sufficient to cause a loss of stability of the 19 
SS El Faro. 20 

ii.      Effects of water in Cargo Hold 21 

It was reported that a Scuttle (manhole in shelter deck, bulkhead deck) was open or had popped  22 

Picture from El Faro                               Picture from El Yunque 23 
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open.  The scuttle in question is shown below in a picture board the EL FARO in 2008. 1 

The pictures show the scuttle, drains and other overboard openings in the area of the shelter 2 
deck.  The level of water on second deck needs to be 1.0 feet above the deck in order for water to 3 
enter it (from height of manhole above the deck from photo and ships plans).  Any water on the 4 
deck would generally tend to slosh port and starboard, and an open cover to the scuttle would 5 
allow water to enter the watertight hold below.  This flooding alone is not likely the only cause 6 
of the loss of the vessel. Water falling into the lower hold would lower the vessels VCG by the 7 
addition of the water weight at the bottom of the hold and increase the VCG of the vessel due to 8 
free surface effect.  The calculations show that the two effects, weight and free surface, would 9 
almost cancel each other’s effect. The lower hold from the tank top to about half way to the third 10 
deck would need to be full of flooding water for this to reduce the GM.  11 

This vessel has cargo holds that are symmetric about the centerline and it is therefore unlikely 12 
that water in 3 hold, alone, caused the list. A more likely cause of the observed list was a steady 13 
beam wind and waves. The steady wind heel would cause the water in the hold to pocket on one 14 
side of the hold causing an off center weight and increasing the heel of the vessel; initially heel 15 
was to starboard, and after the vessel turned to put the wind on the starboard side, the vessel 16 
heeled to port. When subject to heavy beam winds and seas, the vessel will list to one side, and 17 
any water in Cargo Hold 3 would tend to settle to the port side; this accumulation of water on 18 
one side would have contributed to the list. A combination of factors, wind waves and water in 19 
the hold could cause the reported list of approximately 15 degrees.9 20 

It is noted that the USCG weather criteria specifies a wind pressure not a wind speed, the 21 
specified wind pressure is 17.18 pounds per square foot (0.00767 LT/ft2 ).  Using the laws of 22 
physics (Bernoulli’s equation), this wind pressure in the criteria equates to a wind speed of 23 
approximately 67 knots.  It is further noted that the USCG Weather Criteria limits the angle of 24 
list to a maximum of 14 degrees or one-half the freeboard angle.  One-half the freeboard angle in 25 
the loaded condition is 7.43 degrees.  During the MBI hearings, I observed some questions from 26 
the panel members about whether these assumed conditions are conveyed to the Master as 27 
operational restrictions.  One should not misconstrue the assumed wind pressure/wind speed and 28 
maximum angle of heel in the stability criteria as an operational limitation or requirement.  It is 29 
merely a standard that has been established, over many years, to measure the vessel’s stability.  30 
The U.S. Coast Guard weather criteria does not require such an operational limitation and the 31 
criteria has never been applied in that way.  In my career over the course of 35 years, I have 32 

                                                            
9 The ABS Rapid Response Damage Assessment (ABS-RRDA) team, employed by Tote in the response effort, 
produced 4 reports for the SS El Faro in October of 2015 during its assessment and response effort:  the initial 
condition, Hold D (Cargo Hold 3) flooded to 10%; Hold D (Cargo Hold 3) flooded till equilibrium; and Hold D 
Cargo Hold 3) flooded to 10% plus a 75 knot beam wind.  All four reports show the SS El Faro with sufficient 
stability to survive in still water conditions.  The reports were calculated in an attempt to reproduce the potential 
source of the reported list of approximately 15 degrees.  All calculations were done using HECSALV software.  I 
have reviewed these calculations and they appear to be accurate with the assumptions used by ABS-RRDA.  
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reviewed or developed approximately 200 trim and stability booklets, which have been approved 1 
by either the U.S. Coast Guard or ABS.  I have never seen a trim and stability booklet contain 2 
such an operational restriction from the Weather Criteria, nor have I seen that information 3 
included on an informational basis.      4 

 5 

Looking down the scuttle to Cargo Hold 3 from Shelter deck on the EL YUNQUE. 6 

 7 

Figure 3 – Potential scuttle Flow vs head pressure. Calculation in Appendix 4. 8 

iii.    Probabilistic Damage Stability 9 

Navigation and Vessel Inspection Circular No. 4-93 (NVIC 4-93) sets forth the requirements 10 
contained in IMO Resolution A.684 (17) SOLAS Regulations on Subdivision and Damage 11 
Stability of Dry cargo Ships of over 100 Meters (328 feet) in length.  These requirements are 12 
commonly known as the probabilistic damage stability requirements, which accepted the 13 
international standard into 46 CFR part 174 Subpart 1.  The international standard was published 14 
as Resolution A.684 (17), and became effective on February 1, 1992. 15 

The probabilistic approach of the regulations takes into account the probability of various extents 16 
of damage occurring anywhere along the ship's length and the resulting flooding.  At the same 17 
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time, it takes into account the probability that the ship will survive the damage given its stability 1 
and draft.  This provides a rational means of assessing the safety of ships, where flooding is 2 
concerned, no matter what their arrangements might be.  For instance, a ship may be designed 3 
with less subdivision (i.e. watertight compartments) in part of its length, provided it has 4 
additional subdivision in areas shown to have a higher probability of damage.  In this respect, it 5 
frees designers and operators from unnecessarily arbitrary restrictions on arrangements.  6 
 7 
I performed a probabilistic damage stability analysis for the SS El Faro and it is summarized in 8 
the stability section of this report.  See figure 1 and associated discussion.  The probabilistic 9 
damaged stability was performed with the use of the GHS program version 15, using the 1992 10 
criteria. The required GM curve for probabilistic damaged stability was not in the Trim and 11 
Stability Book.  The required GM for probabilistic damaged stability is less than what is required 12 
for a two-tier-on-deck USCG Weather Criteria.  As a result, this probabilistic damage stability 13 
requirement would have had no effect on the loading of the EL Faro or the trim and stability for 14 
the SS El Faro on voyage 185S. 15 

iv.    Deterministic Damage Stability 16 
Deterministic damaged stability involves studying the effect of a vessel when a water tight 17 
compartment is open to the sea.  The ship in the stability condition is then compared to a 18 
standard of survival.  One standard that is often used is the MARAD design letter #3, one 19 
compartment damaged stability requirement.  Application of this requirement assumes damage 20 
as follows: 21 

o Damage to one watertight compartment within the boundary of the compartment. 22 
o Extent of damage inboard is 20% of the ships beam (B/5).  23 
o Damage keel to main deck. 24 
o Consider all possible unsymmetrical flooding possibilities. 25 
o The vessel must survive (i.e. remain upright assuming still water conditions); 26 

In equilibrium, after the assumed damage is imposed, the ship must have: 27 

o Righting arm curve with a minimum of 20 degrees of positive stability. 28 
o Maximum heel angle of 15 degrees. 29 
o Minimum maximum righting arm of 4 inches. 30 
o No down flooding points within 20 degrees of equilibrium angle. 31 

This calculation would be done for the operational range of drafts considering each damaged 32 
compartment, to develop a required GM curve. There is no evidence in the records of the vessel 33 
that this calculation was done for the El Faro.  This calculation was required for vessels built for 34 
foreign trade that received subsidy for their construction and not required of the SS El Faro. 35 

The SS El Faro was evaluated using the departure condition of voyage 185S. Even though these 36 
requirements did not apply to the El Faro, I found that the ship exceeded these survivability 37 
requirements, for the flooding hold 3. 38 
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4.      Vessel Modifications 1 

Sun Shipbuilding and Dry Dock in Chester PA as hull number 670, with a Length between 2 
Perpendiculars of 700 feet, built the SS El Faro in 1975.  Four additional sister ships were built 3 
as hulls 662, 664, 666 and 673, with the same LBP. 4 

Also built were hulls 674 and 675 which were longer versions of the first 5 vessels with the 5 
addition of 90’-9” of parallel mid-body, giving these two an LBP of 790’-9”. All of these vessels 6 
were built as roll on–roll off vessels. 7 

The SS El Faro was in service as the SS Northern Lights servicing the west coast of the United 8 
States and Alaska. 9 

In 1992, the SS Northern Lights was lengthened by adding 90’-9” of parallel mid-body to give it 10 
the dimensions of hulls 674 and 675.  The SS Northern Lights was then returned to service in 11 
Alaska delivering trailers from the US west coast.  This was considered a major conversion 12 
making the Northern Lights subject to the statutory rules and regulations in effect as of 1992.  In 13 
the Gulf of Alaska, where the Northern Lights operated for many years, weather conditions 14 
during the winter months can subject a ship to the most severe wind and wave conditions on 15 
earth. 16 

In 2006, the vessel was again modified, including: removing spar deck, strengthening of the 17 
main deck to carry containers on deck, and adding permanent ballast for stability (which allows 18 
the carrying of containers on deck), and increasing the load line draft by two feet.  The 19 
modifications were not deemed a major conversion.  Thus, stability requirements from 1992 20 
continued to apply to the Vessel.  The impact on stability was the requirement to add permanent 21 
ballast to the vessel so that the desired number of containers could be carried on deck.  Added 22 
permanent ballast allowed the vessel to meet required GM criteria.  FEU capacity was increased 23 
by 232 and the RO/RO capacity was reduced by 40 FEU.  Total change is an increase of 192 24 
FEU.  Finally the vessel was renamed the SS El Faro and placed in the Florida to Puerto Rico 25 
service. 26 

  27 
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5.      Lashing System On Deck and Below Deck 1 

  i.       Cargo securing manual 2 

The SS El Faro had an approved Cargo Securing Manual (CSM) dated 12 December 2005 and 3 
stamped approved by ABS 20 January 2006.  The manual provides information on equipment to 4 
secure cargo and the proper application of the equipment.  The primary purpose of the CSM is to 5 
provide guidance to the Master and crew on board the vessel with respect to the proper stowage 6 
and securing of cargo units throughout the vessel’s voyage.  Cargo units on the SS El Faro 7 
included ISO standard containers on deck and RO -RO cargo below deck consisting of over the 8 
road trailers, containers on trailers, automobiles, and boats on trailers. 9 

Based on my review of the CSM for the El Faro, I found that it complies with the requirements 10 
in MSC/Circ.745 dated 13 June 1996 - “Guidelines for the Preparation of the Cargo Securing 11 
Manual”, and has been prepared in accordance with the International Convention for the Safety 12 
of Life at Sea, 1974 (SOLAS) Chapters VI, VII and the Code of Safe Practice for Cargo Stowage 13 
and Securing, IMO Resolution A.717 (17) and USCG NVIC 10-97 (Guidelines for Cargo 14 
Securing Manual approval). These standards became effective for U.S. flag SOLAS certificated 15 
vessels, like the El Faro, on June 8, 2016, with the adoption of the regulations at 33 CFR Part 97, 16 
Subpart A (Cargo Securing Manuals).  At the time of the El Faro incident, the requirements for 17 
Cargo Securing Manuals, set forth above, were not legally required but were instead voluntary 18 
guidelines.  Page 2 of the Final Rule implementing 33 CFR Part 97.      19 

Over the last 25 years, I have personally prepared or supervised the preparation of Cargo 20 
Securing Manuals for the entire fleet of a major shipping companies vessels over 30 US Flag 21 
vessels as well as 12 Foreign Flag Vessels. 22 

ii.      Stowage and Lashing Lo-Lo Containers on Deck 23 

Originally designed and constructed as a Ro-Ro ship for the transport of wheeled vehicles, the 24 
ship was converted in 2006 to permit lashed container stowage in stacks on the Main Deck.  25 
Modifications to the deck stowage arrangements were designed around the characteristic 26 
dimensions and weights of the containers in the Sea Star service.   27 

The weights of containers that can be stowed in each freestanding stack are influenced by many 28 
factors including the following:   29 

• Main Deck strength; 30 

• Container strength and stiffness; 31 

• Lashing components strength and stiffness; 32 

• Stack location; 33 

• Stack configuration; and  34 
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• Ship characteristics and loading condition, trim, and stability. 1 

Stowage is generally planned ashore, and ultimately approved and adjusted, as needed, by the 2 
mates onboard the vessels.  A feature in CARGOMAX can be used to determine maximum stack 3 
weights of the containers.  If the shore side computer evaluation of stack weights is not available, 4 
stow plans developed for previous voyages and the Appendix 13 of the CSM contains typical 5 
stack weight diagrams that are used to assess allowable stack weights.  In addition, the maximum 6 
allowable container stack weights, which may be loaded on the Main Deck, listed in Appendix 9 7 
of the CSM, are not to be exceeded.  This ensures the weight and arrangement of the containers 8 
on deck do not result in excessive stresses on the main deck and surrounding structure.    9 

The SS El Faro’s CARGOMAX program also has a feature, which allows the mates and shore 10 
side personnel to check the strength of the container securing arrangement (i.e. lashing).  11 

Even though not approved by ABS, this feature in CARGOMAX can be used by the ship’s crew, 12 
so long as CARGOMAX calculates the lashing margins in accordance with the CSS Code.  I 13 
have examined this feature of CARGOMAX for the El Faro, and in my opinion, it calculates 14 
lashing margins in accordance with the CSS Code 15 

A standard lashing scheme was used for all voyages of the SS El Faro.  This scheme included the 16 
twist locking of all containers to the deck and to each other and applying a standard ridged rod 17 
cross lash to the two outboard most stacks of containers.  Rigid rod cross lashes are attached to 18 
the bottom container corner fitting of the second tier container to a deck fitting, this forms a letter 19 
“X” across the bottom tier of containers.  Additional lashings are applied if CARGOMAX 20 
indicates that the strength of the lashing components, the deck, or the container itself are 21 
exceeded. 22 

The above procedures for lashing cargo containers is set forth in the “EL Class” simplified 23 
lashing guidance, which I understand from testimony was used by the mates and shore side 24 
personnel when loading the vessels.  I have reviewed these procedures.  These procedures are a 25 
simplified, conservative manner of lashing Lo-Lo containers that usually results in lashing 26 
arrangements well in excess of the minimum requirements.  This method of lashing is in full 27 
compliance with the Cargo Securing Manual. 28 
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 1 

Figure 4 –Typical three high lashing arrangement with single Lash and twist locks10 2 

iii.    Stowage of Cargo Below Deck - Ro-Ro Cargo 3 

The following general instructions, provided in the CSM are intended to provide guidance in the 4 
application of lashings to secure vehicles to the ship11.    5 

1. Trailers shall be secured to the deck using ROLOC boxes and lashings.  Trailers are not 6 
to be stowed on their built-in landing legs.  Cite to CSM12. 7 

2. A great deal of personal judgment is required in the placement of lashings on the wide 8 
variety of vehicle frameworks encountered in the Ro-Ro trade.  Few of these frames have really 9 
good lashing points.  You will find that some points that appear convenient are not adequately 10 
welded or otherwise fastened to the main framework.  Usually, the best points are at the juncture 11 
of structural members that can support each other against crushing, buckling, or rolling of 12 
flanges. Cite to CSM12. 13 

3. Lashing leads should work against each other.   Cite to CSM12. 14 

4. The athwart ship run or lead of the standard trailer lashing wire shall be a minimum of 4 15 
feet when lashed to the trailer or chassis.  When the lashings are led directly to strong securing 16 
points on the cargo loaded on a flatbed, the angle between the lashing and the deck in the athwart 17 
ship direction shall be 45 degrees or less. Cite to CSM12. 18 

5. It is usually more effective to wrap the lashing chain bridle around a structural member 19 
than to attach the hook to it.  Often, the hook point will lever against the structure and distort it.  20 
The hook may fall out if the lashing tension is not maintained. Cite to CSM12. 21 

                                                            
10 See El class lashing guide in Appendix 1 for more lashing examples. 
11 The 11 general instructions and 8 figures below are taken directly from the approved Cargo Securing Manual. 
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6. Lashings should be placed as high and as wide apart on the trailer as possible, assuming 1 
there is a choice of structural members to use as lashing points. Cite to CSM12. 2 

7. In general, lashings should not be attached to the axles.  Standard spring arrangements 3 
make such lashing ineffective. Cite to CSM12. 4 

8. Pad eyes and rugged structural members on cargo are often better securing points than 5 
may be found on the trailers.  These points are particularly desirable in the case of loads with 6 
high centers of gravity. Cite to CSM12. 7 

9. It is poor practice to lash around brake lines, brake boosters, lubrication lines, or any 8 
delicate or flimsy mechanisms.  Do not allow lashings to lead around or rest on such equipment.  9 
Do not lash to sheet metal structures where such structures are unsupported. Cite to CSM12. 10 

10. Vehicles that have brakes should always be stowed with the brakes set.  A vehicle with a 11 
standard transmission should be left in reverse or low gear and one with an automatic 12 
transmission should be set in park. Cite to CSM12. 13 

11. Livestock trailers shall not be stowed in the athwart ship direction. Cite to CSM12. 14 

 15 

 16 

 17 
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 1 

.  2 

In assessing the adequacy of the stowage and cargo securing procedures onboard the El Faro 3 
generally, and in particular for Voyage 185S, I reviewed the report of the National Cargo Bureau 4 
(NCB), dated August 4, 2016.12  In addition, I performed calculations and provided other 5 
assistance to Tote in preparing its response to the NCB’s report.13   I have reviewed Tote’s 6 
response in its entirety, I fully concur with the content, and all conclusions contained in it. 7 

The report from the NCB concluded that catastrophic lashing failure likely played a role in the 8 
loss of the EL FARO.  I do not agree.  While I very much disagree with the findings NCB’s 9 
report, in fairness to its authors they appear to have, in many respects, been provided with 10 
inaccurate, incomplete, or faulty assumptions to perform their analysis.   11 

I have also reviewed the follow-up reports from the NCB, issued after Tote’s response to the 12 
initial NCB report.14  Based on my review of the evidence, and these reports, I make the 13 
following additional findings: 14 

                                                            
12 The NCB Report is marked as MBI Exhibit 290. 
13 Tote’s response, dated September 16, 2016, is marked as MBI exhibit 290. 
14 These reports, dated November 18, 2016, are marked as MBI exhibits 291, 291, and 293. 
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• Initial Assumption of NCB was that 60% of the RO/RO cargo was off the button, but the 1 
basis for that assumption does not seem to be supported. After further investigation, and 2 
review of information provided by a recent Master and Chief Mate of the El Faro 3 
regarding the stow plan, it appears the best evidence suggests that approximately 4 4 
trailers may have been stowed off button. 5 

• NCB initially assumed that the weight of the trailers was equally on the button and the 6 
wheels – weight distribution should be 38.5% ON BUTTON AND 61.5% ON WHEELS. 7 
Under the CSS Code and approved Cargo Securing Manual, this weight should be evenly 8 
distributed between the button and the wheels. 9 

• Lashing angle was assumed to not be 45 degrees – but angles used for lashing on El Faro 10 
were 45 degrees. 11 

• Vessel speed was assumed to be 24 Knots – speed actually 19 knots. 12 
• Using the correct assumptions15 all trailers were determined to have been secured 13 

properly, even if you assume all Ro-Ro cargo was stowed off button 14 
 15 
In my opinion, based on the available evidence and as reflected in Tote’s response to the NCB, 16 
the lashing procedures and securing devices employed onboard the EL FARO were in 17 
compliance with the CSM and adhered to applicable international guidelines promulgated by the 18 
International Maritime Organization (IMO).  In my opinion, based on the evidence I have 19 
reviewed, including the VDR transcript, the adequacy of the stowage and lashing of cargo played 20 
no role in the loss of the vessel.       21 

All cargo lashing system are designed to withstand forces generated by vessel motions and the 22 
effects of wind, and apply a factor of safety. No cargo lashing system to my knowledge applies a 23 
lashing force requirement due to sloshing of water in an enclosed lower hold. Lashings are never 24 
designed for sloshing loads due to flooding water. 25 

It is important to note that lashings are designed to be able to withstand a certain amount of 26 
force; forces that the regulations assume are likely to be encountered under certain operating 27 
settings.  Lashings are not designed to withstand unlimited forces under any 28 
circumstances.  Therefore, when the design limitations are exceeded, lashings can and do fail, 29 
but that does not mean that such lashings were not proper or did not comply with the CSS code 30 
or other regulations and requirements.  As this pertains to the El Faro, the lashings below deck 31 
are designed to withstand certain forces but are not designed to withstand additional forces 32 
exerted by forces of water in the hold.  Such water, especially when moving as the vessel rolls, 33 
heaves, and pitches, can exert additional forces on cargo lashings that exceed their design 34 
limitations.  If it were the case that cars in fact broke lose in Hold 3 (as a comment on the VDR 35 
might suggest), given the amount of water likely in hold 3 by 0545, the failure of those lashings 36 
was due to the forces exerted by the considerable amount of water in that hold, and not by any 37 
failure to follow proper and required lashing requirements.  No conceivable lashing profile that 38 

                                                            
15 Appendix 2 has summary of all calculations for trailers on second deck 
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would normally be used for lashing automobiles could withstand such forces associated rapid 1 
movement of that amount of water.    2 

6.      Cargo Ventilation System 3 

Because the El Yunque is considered to be a sister vessel to the El Faro, I attended the El 4 
Yunque in the course of my participation in this matter.  As part of my attendance on the vessel, 5 
I inspected, among other things, the cargo ventilation system, including all intake and exhaust 6 
ventilation structures on the second deck.  I also have reviewed various drawings of the cargo 7 
hold ventilation system. 8 

i.       Supply Ventilation 9 

Supply vents and vent fans for the El Faro were contained in enclosed structures under the main 10 
deck, similar to those shown below on the El Yunque.  The structure housing the supply vents is 11 
provided with drain holes, similar to those shown in the photograph,16 and internal baffles.  The 12 
purpose of the drain holes is to allow any water that enters the structure to escape.  The vent 13 
inlets, which allow air to enter the system, are shown on the sides of the structure. 14 

The arrangement of the baffles is such that water in the 15 
structure would need to be is approximately 13.04 feet 16 
above the second deck to enter the fan plenum.  Any 17 
water which does not go over the baffle and into the fan 18 
plenum would be expected to drain out by gravity 19 
through the drain holes.  In addition, the vent fans are 20 
fitted with weather tight closures (fire dampers).  The 21 
vent system would be considered a possible down 22 
flooding point in damage stability cases, but because of 23 
the location and arrangement of the intake vents on the 24 
El Faro, they have no effect on the probabilistic 25 
damaged stability calculations. Intake vents have 26 
weather tight fire dampers fitted in them. 27 

                                                            
16 The drain holes observed on the El Yunque, shown in the photograph, were approximately 6 inch semi-circle 
holes.  Underwater photographs taken of the El Faro by the NTSB (and other historical photographs) show that the 
drain holes on the ventilation intake structure on the El Faro are considerably smaller than the drain holes observed 
on the El Yunque.  The drawings for the El Faro show drain holes of one inch in diameter, which is consistent with 
the photographic evidence available for the El Faro.    
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 1 

ii.      Exhaust Ventilation 2 

Exhaust Vents can be seen on the side of the main hull 3 
between the intake vent structures, as shown in the photo of 4 
the El Yunque below.  The exhaust vents have similar 5 
baffling arrangements as the intake vents.  The exhaust 6 
vents have down flooding points at a greater angle than the 7 
intake vents, so the intake vents are used as the most critical 8 
down flooding points in performing the deterministic 9 
damaged stability analysis. Baffles in the exhaust vents are 10 
13.77 feet above the 2nd deck. Exhaust vents have fire 11 
dampers fitted in them. 12 

Mr. Tom Gruber of ABS testified in the USCG MBI that this ventilation system would be 13 
approved for a new vessel built today, and I agree.  The pictures above are of the SS El Yunque, 14 
a sister vessel of the SS El Faro. 15 

  16 
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7.      Effect of Wind Heel angles 1 

To better understand the effect that the wind had on the El Faro, in the hours leading up to the 2 
loss of the vessel, I calculated and plotted the wind heeling moment and the statical stability 3 
curve for the vessel for voyage 185S.   4 

The formula below is used to calculate the wind heeling arm that changes with the angle of heel 5 
and in a steady wind. The wind heeling curve is plotted on the ships as loaded statical stability 6 
curve the point where the curves cross is the steady angle of heel in CALM seas. Wind heel 7 
angle is calculated using the formula below17; 8 

WHA  = .0035Vw
2ALcos2ϴ/2240Δ

 9 
WHA = wind heeling arm plotted on statical stability curve. 10 
VW = wind speed in knots. 11 
A = vessel projected profile area above water. 12 
L = distance between the centroid of the above water projected area to below water projected 13 
area. 14 
ϴ = angle of the wind relative to the vessel beam. 15 
2240 = 2240 pounds in one long ton. 16 
Δ = vessel displacement in long tons. 17 
 18 
Sample wind heel calculation for a 50-knot wind. 19 
Blue Curve is the vessels statical stability curve. 20 
The orange curve is for a beam wind.  Wind heel angle about 4 degrees. 21 
The gray curve is for a beam on the quarter or 45 degrees off the beam.  Wind heel angle about 2 22 
degrees. 23 

  24 

                                                            
17 Applied Naval Architecture – Robert B. Zubaly 
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8.      Analysis of Stability Conditions on the El Faro due to the effects of 1 

Joaquin 2 

i.       Overview of Dynamic Analysis 3 

In order to assess the conditions that the EL FARO likely experienced along the vessel’s accident 4 
voyage route, due to the effects of Joaquin, I performed a dynamic stability analysis of the vessel 5 
using the MAXSURF program.  I assessed the vessel’s stability at 0000, 0100, 0200, 0300, 0330, 6 
0400, 0430, 0500, 0530, 0600, 0630, 0700 and 0730. 7 

ii.      “Maxsurf Motions” (MAXSURF)  8 

Unlike many other vessel stability software programs which calculate static righting arms and 9 
measure a stability of the vessel under calm, still water conditions, MAXSURF can be used to 10 
calculate and predict the behaviour of a vessel in dynamic conditions, taking into account  wave 11 
and other dynamic effects.  The MAXSURF program uses the linear strip theory to evaluate ship 12 
motions.  I have used MAXSURF for 25 years in the course of my work. 13 
 14 
A model of the SS El Faro based on the GHS/HECSALV computer models, as well as original 15 
lines drawing of the El Faro with appendages, was used in perfomering the analysis.  The model 16 
shape and properties match the properties of the El Faro within industry acceptable limits.  The 17 
model was loaded in MAXSURF using the departure condition of voyage 185S.  This departure 18 
condition was adjusted for consumable items used during the voyage, primairly fuel burned 19 
between departure of the vessel and the morning hours of October 1, 21015 (approximately 240 20 
long tons of fuel burned). The condition of the vessel was also adjusted for water on the second 21 
deck and water in lower three hold that entered through the popped open scuttle. 22 
 23 
Assumed wind and wave data (see further discussion below) is input into MAXSURF.  In 24 
addition to assumed wind and wave data, vessel speed and heading are are also input into the 25 
program. 26 

 27 

iii.    Source of Input Data 28 

The ship’s heading information and ship speed were obtained from the VDR data.  Assumed 29 
wind speed/direction and signficant wave height/wave period/principle wave direction were 30 
provided by Dooley Sea Weather Analysis, Inc.  A table of these assumed wind speed, wave 31 
heights, and directions, which the El Faro was believed to have been experiencing, is provided 32 
here:  33 



SS El Faro  Report of casualty 8/31/17 

Page - 28 

 
 

1 
Wind heel angle is calculated by applying the wind velocity perpendicular the beam of the ship 2 
on the ships profile area.  The calculation results are listed on the direction plots referenced 3 
below.  4 

iv.    Analysis Results; 5 

The following is provided from the MAXSURF Users Manual for Version 21: 6 
 7 
MAXSURF Motions, an application which may be used to predict the motion and seakeeping 8 
performance of vessels designed using MAXSURF. MAXSURF Motions is the seakeeping 9 
analysis program in the MAXSURF software suite. It uses the MAXSURF geometry file to 10 
calculate the response of the vessel to user-defined sea conditions. Multiple methods are 11 
available to calculate the vessels response: a linear strip theory method is used to analyze the SS 12 
EL Faro.  13 
 14 
 15 
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The linear strip theory method is based on the work of Salvesen et al, it is used to calculate the 1 
coupled heave and pitch response of the vessel. The roll response is calculated using linear roll 2 
damping theory.  3 
 4 
When linear strip theory is used to compute the coupled heave and pitch motions of the vessel, 5 
the following underlying assumptions are implied: 6 

• Slender ship: Length is much greater than beam or draft and beam is much less than the wavelength). 7 
• Hull is rigid. 8 
• Speed is moderate with no lift from forward speed. 9 
• Motions are small and linear with respect to wave amplitude. 10 
• Hull sections are wall-sided. 11 
• Water depth is much greater than wavelength so that deep-water wave approximations may be applied. 12 
• The hull has no effect on the incident waves (so called Froude-Kriloff hypothesis). 13 

 14 
A simplified forced, damped mass-spring system is assumed for the uncoupled roll motions. This 15 

assumes the following; 16 
• An added inertia in roll is used which is assumed to be a constant proportion of the roll inertia. 17 
• A constant user-specified linear damping is used. 18 

 19 
See Appendix 4 for equations of motion. 20 
 21 
 22 
What the El Faro was experiencing based on weather data and input into MAXSURF and the 23 
resulting calculation including vessel motions, wind heel angle heel angle due to water in hold 24 
and heel angle due to shift in cargo in  the hold.  25 

RMS (average values of roll pitch and heave) are given in the results. Extreme values of motions 26 
can be twice the RMS value.  27 

 28 

 29 

 30 

 31 

 32 

 33 

 34 

 35 

 36 

 37 

 38 
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i. Condition at 0000 EST - October 1, 2015 1 
 2 

I first used MAXSURF to calculate and analyze the predicted dynamic motions of the vessel at 3 
midnight (0000 EST) on October 1, 2015, based on the assumed environmental conditions noted 4 
in figure 8-1 below.  5 
The analysis shows that, during this time frame of the voyage, the main source of water on deck 6 
would be due to some water spray  entering the 2nd deck, primarily from the stern due to the 7 
relative wind direction coming from the port quarter of the vessel.  There is ample overboard 8 
openings and freeing ports on the second deck to allow this amount of water to freely drain 9 
overboard. Additional results of the motion study, including wind heel angle  at 0000 EST, are 10 
shown below. 11 

 12 
     Figure 8-1 13 
 14 
The analysis shows that the vessel is slightly heeling due to wind, and rolling and heaving due to 15 
wave action.  Shown below is the vessel’s midships cross section in way of hold number three 16 
looking aft.  The max heave is shown as well as max roll angle as well as the wind heel angle.  17 
Vessel pitch is not depicted. Ship rolls about the wind heel angle.  At this point in the voyage, the 18 
ship is pitching slightly, but riding out the weather very well.  19 

 20 
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ii. Condition at 0100 EST - October 1, 2015 1 

I next used MAXSURF to calculate and analyze the predicted dynamic motions of the vessel at 2 
0100 EST on October 1, 2015, based on the assumed environmental conditions noted below in 3 
figure 8-2.   4 

The result of the calculations performed using MAXSURF, for 0100 EST are shown below. The 5 
prediction of the vessels roll, pitch and heave are displayed on the direction charts.  The 6 
calculations and analysis indicates that roll has increased, pitch has decreased and heave has 7 
decreased slightly during this time period.  8 

 9 

    Figure 8-2 10 
 11 
The analysis shows that, during this time frame of the voyage, the main source of water on the 12 
second deck would have been due to some water spray; again, this spray is primarily due to the 13 
relative wind direction from the stern/port quarter of the vessel.  There is ample overboard 14 
openings and freeing ports on the second deck to allow this amount of water to freely drain 15 
overboard. 16 
Additional results of the motion study, includingwind heel angle at 0100 EST, are shown below. 17 

 18 
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The analysis shows that, during this time frame of the voyage, the vessel is heeling slightly to 1 
starboard due to wind, and rolling and heaving due to wave action.  Shown below is the vessel 2 
midships section in way of hold number three looking aft. The max heave, roll angle, and wind 3 
heel angle are shown.  Vessel pitch is not depicted 4 

At this point in the vessel’s voyage, the ship is predicted to have been  pitching slightly, but 5 
riding out the weather very well.  6 

 7 

iii. Condition at 0200 EST - October 1, 2015 8 

I next used MAXSURF to calculate and analyze the predicted dynamic motions of the vessel at 9 
0200 EST on October 1, 2015, again based on the assumed environmental conditions noted 10 
below in figure 8-3  11 

The result of the calculationsperformed using MAXSURF, for 0200 EST are shown below. The 12 
prediction of the vessel’s roll, pitch and heave are displayed on the direction charts.  The 13 
calculations and analysis indicate that roll has decreased, pitch has increased slightly and heave 14 
has increased slightly. 15 

During this period of time, the calculations indicate that there would have likely been a reduction 16 
of the water spray entering the 2nd deck.  This reduction is due to the change in relative wind 17 
direction toward the beam.   18 

The significant wave height was predicted by Dr. Dooley to be less than 17 feet at this point in 19 
the vessel’s voyage. 20 

 21 

   Figure 8-3 22 

 23 

 24 
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Additional results of the motion study, with wind heel angle at 0200 EST, are shown below. 1 

 2 

The calculations show that, during this time frame in the voyage, the vessel is heeling slightly 3 
more to starboard (1.1 degrees) due to the increasing beam wind, and is rolling and heaving due 4 
to wave action.  Shown below is the vessel midships section in way of hold number three looking 5 
aft.  The max heave is shown as well as max roll angle and wind heel angle.  Vessel pitch is not 6 
depicted 7 

At this point in the voyage, the calculations indicate the ship is also pitching slightly, but riding 8 
out the weather very well.  9 

Water sea spray enters the second deck from the stern quarter. Water enters aft end of second 10 
deck ocassionally not on every pitch and roll cycle. Water will pocket to the side of the due to 11 
wind heel. Water accumulates near scuttle, and may splash over the scuttle. However, there is 12 
ample overboard openings and freeing ports on the second deck to allow this water to freely 13 
drain overboard.   14 

 15 

vi. Condition at 0300 EST - October 1, 2015 16 

I next examined the dynamic motions of the vessel at 0300 EST on October 1, 2015, again based 17 
on the assumed environmental conditions noted below in figure 8-4. The predicted wind speed 18 
has increased to 51.6 knots with a relative direction from the stern quarter, yielding a wind heel 19 
angle of 1.6 degrees.  The significant wave height increased to 23.29 feet. 20 

The result of the calculations perfomed using MAXSURF, for 0300 EST, are shown below.  The 21 
prediction of the vessel’s roll, pitch and heave are displayed on the direction charts.  The 22 
calculations and analysis indicate that the vessel’s roll has decreased and pitch and heave have 23 
increased.  This change in the vessel’s motion is likely a result of the change in relative wave 24 
direction, as the vessel’s bow heads slightly more into the waves. 25 
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The analysis indicates that water begins to enter the second deck aft, on the starboard side, 1 
approximately every other time the vessel pitches.  Water entering the second deck aft flows 2 
forward and aft as the ship pitches.  Water that reaches the starboard scuttle leading into the three 3 
hold, if open, would allow water to enter the  hold.  Potential rate of water flow into 3 hold is 13 4 
LT/hour, estimated by pocketed height of water at the scuttle of 2 feet. 5 

 6 

    Figure 8-4 7 

Additional results of the motion study, including the wind heel angle at 0300 EST, are shown 8 
below. 9 

 10 

The calculations show the vessel is heeling more due to higher wind speed, and rolling and 11 
heaving due to wave action.  Shown below is the vessel midships section in way of hold number 12 
three looking aft.  The max heave, roll angle and wind heel angle are shown.  Vessel pitch is not 13 
depicted. With a pitch angle of 1.97 degrees, the draft aft would increase by 12 feet. This will 14 
cause green water to enter the second deck at aft end at every extreme roll, heave and pitch  15 
motion. Water enters the second deck from the stern as the vessel pitches. 16 
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A small amount of water begins to enter Hold 3 through the starboard scuttle access with an 1 
estimated two feet of water pocketed at the scuttle. At nthis time only a small ammout of water 2 

has entered 3 hold. 3 

The chart to the left is the 4 
potential flow of water 5 
though the scuttle on the 6 
second deck18, showing 7 
flow rate vs height of water 8 
at the scuttle. Rate of flow 9 
‘Y’ Axes and Height 10 
‘X”Axes 11 

 12 

 13 

 14 

v. Condition at 0330 EST - October 1, 2015 15 

I next examined the dynamic motions of the vessel at 0330 EST on October 1, 2015, again based 16 
on the assumed environmental conditions noted below in figure 8-5.  The predicted wind speed 17 
has increased to 59.4 knots with a relative direction from the stern quarter, yielding a wind hell 18 
angle of 1.7 degrees.  The significant wave height increased to 25.92 feet. 19 

The result of the calculations performed using MAXSURF, for 0330 EST, are shown below.  20 
The prediction of the vessel’s roll, pitch and heave are displayed on the direction charts.  Roll 21 
and heave have increased and pitch has decreased slightly.22 

 23 

                                                            
18 Calculation based on engineering standard practice found in MARKS Mechanical Engineering Handbook. 
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     Figure 8-5 1 

The analysis shows that at this point in the voyage, water begins to consitently enter the 2 
starboard side of the second deck through the aft openings of the shelter deck, as the vessel 3 
pitches (water enters almost every other pitch).  Water entering the second deck aft flows 4 
forward and aft as the ship pitches. With a pitch angle of 1.84 degrees, the draft aft would 5 
increase by 11.25 feet. This will cause green water to enter the second deck at aft end at every 6 
extreme roll, heave and pitch  motion. Water enters the second deck from the stern as the vessel 7 
pitches. 8 

Water in the area of the starboard scuttle would enter directly into the three hold, if the scuttle 9 
were open.  Potential rate of water flow into three hold is 15 LT/hour. 10 

Additional results of the motion study, including the wind heel angle at 0330 EST, are shown 11 
below. The analysis predicts that the vessel is heeling due to wind, and rolling and heaving due 12 
to wave action.  Shown below is the vessel’s midships section in way of hold number three.  The 13 
mean heave,roll angle, the heel angle due to wind, and  the effects of water in the three hold, are 14 
shown below.Vessel pitch is not depicted.  15 

 16 

At this point in the voyage, the analysis indicates that the vessel is also pitching, but riding out 17 
the weather  well.  18 

Sea spray and water would likely continue entering the second deck from the stern quarter and 19 
additional water enters the second deck from the starboard side aft of the house as the vessel 20 
pitches. 21 

By 0330, it is estimated that approximately 7 long tons of water could have enter through the 22 
starboard scuttle acccess to hold three  The water would tend to accumulate on the starboard 23 
side, as shown. 24 

 25 
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vi. Condition at 0400 EST - October 1, 2015 2 

I next examined the dynamic motions of the vessel at 0400 EST on October 1, 2015.  The 3 
predicted wind speed has increased to 67.2 knots with a relative direction closer to the beam, 4 
yielding a wind heel angle of 6.1 degrees.  The significant wave height increased to 28.71 5 
feet.The result of the calculations performed using MAXSURF, for 0400 EST, are shown below.  6 
The prediction of the vessel’s roll, pitch and heave are displayed on the direction charts Figure 8-7 
6.  Roll and pitch have increased slightly, and heave has decreased. 8 

Water continues to enter the second deck aft as the vessel pitches, almost every pitch, on the 9 
starboard side.  Water entering the second deck aft flows forward and aft as the ship pitches.  10 
Water in the area of the starboard scuttle would enter directly into the three hold, if the scuttle 11 
were open.  Potential rate of water flow into three hold is 20 long tons/hour. 12 

 13 

    Figure 8-6 14 

These findings are consistent with the VDR transcript. At 0346-0347, when the Second Mate 15 
turns over the watch to the Chief Mate, she indicates in those conversations that the vessel is 16 
pitching badly.  The pitch estimated by MAXSURF increased from 1.84 degrees at 0300 to 2.53 17 
degrees.  Similarly, the Chief Mate observes that the vessel is heeling to starboard at 0348, and 18 
the Captain states at 0412 that “the only way to do a counter on this [heel] is to fill the port side 19 
ramp tank up.”  According wind heel calculations, from 0330 to 0400 the predicted heel 20 
increased from 1.7 degrees to 6.1 degrees.  21 
 22 
 From VDR 23 
“2nd Mate 0347 – Pitching”  24 
“Chief Mate 0348 heeling badly assumed from wind”  25 
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 1 
Additional results of the motion study, including the wind heel angle at 0400 EST, are shown 2 
below. 3 

The analysis indicates the vessel is heeling due to wind, and water accumulating on the starboard 4 
side ofthe hold; the vessel is also rolling and heaving due to wave action.  Shown below is the 5 
vessel midships section in way of hold number three.  The mean heave,roll angle, heel angle due 6 
to wind, and the effects of  water in the three hold are shown below.  Vessel pitch is not depicted. 7 
With a pitch angle of 2.35 degrees, the draft aft would increase by 14.4 feet. 8 

 9 

At this point in the voyage, the ship is predicted to be pitching and heeling to starboard at a mean 10 
heel angle of 6.1 degrees due to wind heel plus 0.25 degrees from water in hold.  11 

Water enters the second deck from the starboard side continuously as the vessel heels over, rolls, 12 
pitches, and heaves. 13 

By 0400, it is estimated that approximately 15 long tons of water could have entered into hold 14 
three through the starboard scuttle access.. 15 

 16 

vii. Condition at 0430 EST - October 1, 2015 17 

I next examined the dynamic motions of the vessel at 0430 EST on October 1, 2015.  The 18 
predicted wind speed has increased to 70.3 knots with a relative direction closer to the beam, 19 
yielding a wind heel angle of 6.0 degrees. The significant wave height increased to 29.2 feet. 20 

The result of the calculationsperformed using MAXSURF, for 0430 EST, are shown below.  The 21 
prediction of the vessels roll, pitch and heave are displayed on the direction charts.  Roll has 22 
decreased, pitch increased, and heave has decreased. 23 

Water continues to enter the second deck aft, on the starboard side, each time the vessel pitches.  24 
Water entering the second deck aft flows forward and aft as the ship pitches.  Water at the 25 
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starboard scuttle into three hold allowing water to enter 3 hold.  Potential rate of water flow into 1 
3 hold is 23 LT/hour.  2 

 3 

    Figure 8-7 4 

VDR note transcript: 5 
“Capt. 0428 pounding now”  6 

Calculated show pitch is 2.8 degrees bow out of water very few pitches.  7 

Additional results of the motion study, including the wind heel angle at 0430 EST, are shown 8 
below. 9 

The analysis indicates the vessel is heeling due to wind and water accumulating on the starboard 10 
side of the three hold; the vessel is also rolling and heaving due to wave action.  Shown below is 11 
the vessel midships section in way of hold number three.  The mean heave, roll angle, heel angle 12 
due to wind heel, and the effects of  water in hold three are shown below.  Vessel pitch is not 13 
depicted. With a pitch angle of 2.8 degrees, the draft aft would increase by 17.1 feet. 14 

 15 
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At  this point in the voyage the ship is predicted to be pitching and heeling to starboard with a 1 
mean heel angle of about 6.65 degrees.  2 

Water continues to enter the second deck from the starboard side continuously as the vessel heels 3 
over rolls pitches and heaves. 4 

By 0430, it is estimated that approximately 35 long tons of water could have entered hold three 5 
through the starboard scuttle access if it was open. Adding about 0.65 degrees of list. 6 

The bilge alarm in hold 3 does not go off at this time. With water pocketing in the hold on the 7 
starboard side, water is does not lift the float long enough for the bilge alarm to ring. The float is 8 
above the tank top.19 9 

viii. Condition at 0500 EST - October 1, 2015 10 

I next examined the dynamic motions of the vessel at 0500 EST on October 1, 2015.  The 11 
predicted wind speed has increased to 73.4 knots with a relative direction closer to the beam, 12 
yielding a wind heel angle of 4.4 degrees.  The significant wave height increased to 29.53 feet. 13 

The result of the calculations performed using MAXSURF, for 0500 EST, are shown below. the 14 
prediction of the vessels roll, pitch and heave are displayed on the direction charts. Roll has 15 
decreased and pitch and heave have increased. 16 

Water continues to enter the second deck aft, on the starboard side, each time thethe vessel 17 
pitches.  Water entering the second deck aft flows forward and aft as the ship pitches.  Water 18 
accumulating in the area of the starboard scuttle into three hold would continue to enter three 19 
hold.  Potential rate of water flow into 3 hold is 23 LT/hour. 20 

 21 

    Figure 8-8 22 

Additional results of the motion study, including wind heel angle at 0500 EST are shown below. 23 

                                                            
19 Bilge alarm does not actuate immediately there is a delay built into the alarm. Float is assumed about 6 inches 
above the tank top. SOLAS convention does not require a bilge alarm for this vessel. Tote installed the alarm and it 
was tested weekly. 
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The analysis indicates the vessel is heeling due to windand water accumulating on the starboard 1 
side of hold three; the vessel is also rolling and heaving due to wave action.  Shown below is the 2 
vessel midships section in way of hold number three.  The mean heave,roll angle, heel angle due 3 
to wind, and the effects of water inin hold three are shown below.d. Vessel pitch is not depicted. 4 
With a pitch angle of 2.83 degrees, the draft aft would increase by 17.3 feet. 5 

 At this point in the voyage, the the ship is also pitching and heeling to starboard and a mean 6 
value of about 5.2 degrees.  7 

Water enters the second deck from the starboard side continuously as the vessel heels over rolls 8 
pitches and heaves. 9 

By 0500, it is estimated that 46 long tons of water could have entered hold three  through the 10 
starboard scuttle access if open adding 0.75 degrees to vessels list. 11 

 12 
At  this point in the voyage the ship is predicted to be pitching and heeling to starboard with a 13 
mean heel angle of about 6.33 degrees.  14 

ix. Condition at 0530 EST - October 1, 2015 15 

I next examined the dynamic motions of the vessel at 0530 EST on October 1, 2015.  The 16 
predicted wind speed has decreased to 66.7 knots with a relative direction close to the bow, 17 
yielding a wind heel angle of 1.1 degrees.  The heel angle has decreased, primarily due to a 18 
change in wind profile, as the vessel heads more directly into the wind.  The significant wave 19 
height decreased to 29.20 feet. 20 

The result of the calculations performed using MAXSURF, for 0530 EST, are shown below.  21 
The prediction of the vessels roll, pitch and heave are displayed on the direction charts.  Roll has 22 
decreased and pitch decreasd slightly and heave has decreased. 23 

Water continues to enter the second deck aft, on the starboard side, each time the vessel pitches.  24 
Water entering the second deck aft flows forward and aft as the ship pitches.  Water 25 
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accumulating in the area of the starboard scuttle would continue to enter the three hold.  Potential 1 
rate of water flow into three hold is 22 LT/hour. 2 

 3 

   Figure 8-9 4 

Quotes from VDR; 5 

5:43 CAPT-ET WATER IN 3 HOLD START PUMPING NOW 
5:44 CM FIRST MENTION OF THE SCUTTLE 

5:52 CAPT-ET 
GOING TO TRUN THE SHIPGET WIND ON NORTH SIDE 
GO FROM S TO P LIST - WATER SOURCE THE SCUTTLE 

5:55 CM-UHF WATER KNEE DEEP AT SCUTTLE POURING INTO HOLD 
 6 

Additional results of the motion study, including wind heel angle at 0530 EST are shown below. 7 

The analysis indicates the vessel is heeling due to wind and water accumulating on the starboard 8 
side of hold three; the vessel is also rolling and heaving due to wave action.  Shown below is the 9 
vessel midships section in way of hold number three.  The mean heave, roll angle, heel angle due 10 
to wind and the effects of water  in hold three are shown.  Vessel pitch is not depicted. With a 11 
pitch angle of 2.63 degrees, the draft aft would increase by 16.1 feet. 12 

At this point in the voyage, the ship is also pitching and heeling to starboard and a mean value of 13 
about 2.1 degrees.  The vessel is now heading almost directly into the wind and waves, which 14 
minimizes the ships rolling and wind heeling. 15 

Water in hold is at or close to triggering the bilge alarm.Heel angle relatively small so at this 16 
time water can go under the bilge alarm float. 17 

By 0530, it is estimated that approximately 59 tons of water could have entered the three hold 18 
through the starboard scuttle. This adds about 0.97 degrees to the ships list. 19 
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 1 

The bilge alarm float above the bilge well in 3 hold is 26 feet off the centerline and above the 2 
bilgewell with a requierment of 6 seconds of float time to activate. At this hour and with the 3 
amount of water in 3 hold the alarm will activate. 4 

 5 

x. Condition at 0600 EST - October 1, 2015 6 

The result of the calculations performed using MAXSURF, for 0600 EST, are shown below. the 7 
prediction of the vessels roll, pitch and heave are displayed on the direction charts. Roll has 8 
increased and pitch decreasd slightly and heave has increased dramatically. 9 

Wind and wave direction are such that the vessel now is heeling to port as opposed to starboard.  10 
The change in course was ordered in order to reverse the vessel’s list so that the open scuttle 11 
could be closed as per VDR transcript. 12 

Water enters the second deck aft as the vessel pitches, every pitch, on port side.  Water entering 13 
the second deck aft flows forward and aft as the ship pitches.  No additional water enters through 14 
the scuttle as it has now been closed. An estimated total of 65 LT has entered the 3 hold through 15 
the scuttle. 16 

Due to pitch and extreme heave water enters the Engine Room Vents as as reported at 6:00 with 17 
a conversation between thw Captain and the Chief Engineer. 18 

The wind speed has decreased to 59.9 knots with a relative direction on the bow quarter, yielding 19 
a wind heel angle of 1.4 degrees. Water in the cargo hold causes an additional heel angle of 1.1 20 
degrees 21 

The significant wave height decreased to 28.54 feet. 22 
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 1 

5:59 CAPT 

SCUTTLE POPPED OPEN AND A LITTLE BIT OF WATER 
IN 3 HOLD-PUMPING IT OUT CM AND SUP-1 AND 
CLOSING THE SCUTTLE 

6:00 CAPT-ET (ALL THROUGH) the ventilation on phone with chief  

6:01 cm-uhf 
SCUTTLE CLOSED 
 

Figure 8-10 2 

The results of the motion study, wind heel angle at 0600 EST are shown below. 3 

The vessel is heeling due to wind, rolling, water in hold and heaving due to wave action.  The 4 
turning of the vessel causes cargo in lower 3 hold to break loose as stated in the VDR transcript 5 
that “there were cars floating in the hold.”  Shown below is the vessel midships section in way of 6 
hold number three.  The max heave is shown as well as roll angle, wind heel angle and angle due 7 
to water in hold.  Vessel pitch is not depicted. With a pitch angle of 2.25 degrees, the draft aft 8 
would increase by 13.75 feet. 9 

At this time this ship is also pitching and heeling to port and a mean value of about 2.5 degrees.  10 
The vessel has wind and waves on the port side. 11 

Water enters the second deck from the port side continuously as the vessel pitches, heaves and 12 
rolls. 13 

Water in hold has triggered the bilge alarm and bilges are being pumped. 14 
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The change in course has resulted in a shift of cargo causing the hold exhaust and intake baffles 1 
to briefely be submerged causing water to enter three hold through the vents.  Flow rate through 2 
the exhaust and intake vents is more than 10 times the flow through the open scuttle. Effect of 3 
the water entering the hold through the vents is not shown at this time as the turn has just been 4 
made and several roll cycles would be required for the cargo to break loose. 5 

A water starts to enter Hold 3 through the port side vents at a potential flow rate of 240 LT pre 6 
hour. An estimated 65 tons of water is in three hold, all from the scuttle.Water entering the holds 7 
from the vent has started at this hour very little water from the vents is in the holds, flow is not 8 
constant. 9 

 10 

 11 

xi. Condition at 0630 EST - October 1, 2015 12 

The result of the calculations performed using MAXSURF, for 0630 EST, are shown below.  13 
The prediction of the vessel’s roll, pitch and heave are displayed on the direction charts.  Roll 14 
has increased and pitch decreasd slightly and heave has slightly decreased. 15 

Wind and wave direction are such that the vessel now is heeling to port as opposed to starboard.  16 
The change in course was ordered in order to reverse the vessel’s list so that the open scuttle 17 
could be closed as per VDR transcript.  The vessel at this point has lost propulsion power, and 18 
the vessel goes beam to the wind and waves. 19 

Water enters the second deck aft as the vessel pitches, every pitch, on port side.  Water entering 20 
the second deck aft flows forward and aft as the ship pitches.  No water through the scuttle as it 21 
has now been closed.  Water reported in 2 hold. 22 

The wind speed has increased to 63.3 knots with a relative direction close to the beam, yielding a 23 
wind hell angle of 5.4 degrees. 24 
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The significant wave height increaed to 29.2 feet. 1 

 2 

   Figure 8-11 3 

6:13 CAPT I THINK WE JUST LOST THE PLANT 
6:18 CAPT WATER COMING IN THROUGH TH VENTILATION IN ER 
6:20 CAPT-ET PUMP PORT TO STARBOARD RAMPTANKS 
6:25 CAPT-ET PUMPING HOLD 2 

 4 

The results of the motion study, wind heel angle at 0630 EST are shown below. 5 

The vessel is heeling due to wind, rolling, water in hold and heaving due to wave action.  The 6 
turning of the vessel causes cargo in lower 3 hold to break loose as stated in the VDR transcript 7 
that “there were cars floating in the hold.”  Diagram shown is the vessel midships section in way 8 
of hold number three.  The mean heave is shown as well as roll angle ,wind heel angle and angle 9 
due to water in hold and cargo shifted in the hold.  Vessel pitch is not depicted 10 

It this hour this ship is also pitching and heeling to port and a mean value of about 6.8 degrees.  11 
The vessel has wind and waves on the port side. 12 

Water enters the second deck from the port side continuously as the vessel pitches, heaves and 13 
rolls.  The water on the second deck raises the vessels KG and lowers the vessels GM. 14 
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Water in hold has triggered the bilge alarm and bilges are being pumped.  Baffles are submerged 1 
causing water to enter three hold through the vents.  Flow rate through the exhaust and intake 2 
vents is more than 10 times the flow through the open scuttle. 3 

A water enters Hold 3 through the port side vents at a potential flow rate of 240 LT pre hour.  An 4 
estimated 185 tons of water is in three hold.  At extreme roll water is above the third deck in 5 
three hold. Only 1.21 additional degrees of list are required to submerge the intake vent baffles. 6 
Water from waves passing the vents are of sufficient height to allof water to enter the hold 7 
through the vents. 8 

 9 

At about 0613 on the VDR, the captain states I think we lost the plant.  With a loss of propulsion, 10 
the vessel is transitioning to a condition with no propulsion forces and is being moved by water 11 
currents and wind. The 0630 and 0700 condition shows the vessel with almost beam wind and 12 
seas. Sometime after 0613, the vessel is at the mercy of the sea and is experiencing the most 13 
severe response to the effects of the hurricane. 14 
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 1 

Figure  8-12 Flow through Intake vent, Calculation in Appendix 2 

The additional 120 LT of water through the vents will cause an additional angle of heel of 2 3 
degrees.  At this stage, the vents are fully submerged. 4 

 5 

 6 

xii. Condition at 0700 EST - October 1, 2015 7 

The result of the calculations performed using MAXSURF, for 0700 EST, are shown below.  the 8 
prediction of the vessels roll, pitch and heave are displayed on the direction charts.  Roll has 9 
increased and pitch decreasd slightly and heave has slightly decreased. 10 

Wind and wave direction are such that the vessel now is heeling to port as opposed to starboard.  11 
The change in course was ordered inorder to reverse the vessels list so that the open scuttle could 12 
be closed as per VDR transcript.  The vessel at this point has lost propulsion power, and the 13 
vessel goes beam to the wind and waves. 14 

Water enters the second deck aft as the vessel pitches, every pitch, on port side.  Water entering 15 
the second deck aft flows forward and aft as the ship pitches.  No water through the scuttle as it 16 
has now been closed.  Water on 2nd deck raises KG and lowers vessel GM. 17 

The wind speed has increased to 66.5 knots with a relative direction close to the beam, yielding a 18 
wind hell angle of 5.5 degrees.  Between 0630 and 0700 at some point the vessel is subject to a 19 
beam wind which would increase the wind heel angle. 20 

The significant wave height increaed to 30.18 (peak ht.) feet. 21 

y = -2.958x2 + 49.297x + 43.327
R² = 1
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 1 

   Figure 8-13 2 

6:45 CAPT A LOT OF WATER IN THE CARGO HOLD AREA (2nd deck?) 
6:55 CAPT-ET RECAP OF FLOODING NOT ABANDON SHIP PLANT OFF 
7:15 CM WATER RISING IN HOLD 

 3 

The results of the motion study, wind heel angle at 0700 EST are shown below. 4 
The vessel is heeling due to wind, rolling, water in hold and heaving due to wave action.  The 5 
turning of the vessel causes cargo in lower 3 hold to break loose as stated in the VDR transcript 6 
that “there were cars floating in the hold”.  Shown below is the vessel midships section in way of 7 
hold number three.  The mean heave is shown as well as roll angle ,wind heel angle and angle 8 
due to water in hold and cargo shifted in the hold.  Vessel pitch is not depicted. The VDR 9 
vepotrs a ship speed of 6.6 knots however for MAXSURF analysis purposes from this time 10 
foward the input ship speed is 0 knots as all propulsion forces are lost. 11 

It this hour this ship is also pitching and heeling to port and a mean value of about 6.9 degrees.  12 
The vessel has wind and waves on the port side. Additional heel of 3 degrees is caused by shifted 13 
cars on the tank top and additional heel from water in hold, now 305 long tonsof water is in three 14 
holdan additional 4.98 degrees. 15 
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Water enters the second deck from the port side continuously as the vessel pitches, heaves, and 1 
rolls, water held on second deck due to large list.  The water on the second deck raises the 2 
vessels KG and lowers the vessels GM. 3 

Water in hold has triggered the bilge alarm and bilges are being pumped.  Baffles are submerged 4 
causing water to enter three hold through the vents both intake and exhaust . 5 

A water enters Hold 3 through the port side intake vents at a potential flow rate of 240 LT per 6 
hour.  An estimated 305 tons of water is in three hold.  7 

 8 

xiii. Condition at 0730 EST - October 1, 2015 9 

The result of the calculations performed using MAXSURF, for 0730 EST, are shown below.  the 10 
prediction of the vessels roll, pitch and heave are displayed on the direction charts.  Roll has 11 
decreased and pitch decreasd slightly and heave has slightly decreased. 12 

Water is now intering the hold thruogh the intake and exhaust vents  as bothe baffeleing 13 
arrangements are under water, for an additional 240 tons of water. Cars moving in the hold cause 14 
an additional 3.5 dergrees of heel. A total of 545 long tons of water in now esirmated to be in 15 
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hold 3 with and undetermined amount of water in hold 2.1 

 2 

Figure 8-14 3 

At extreme angle of heel, the water in the hold is above the third deck. Water is pouring into 4 
holds 3 and possibly 2 at this hour approximately 9 minutes later the El Faro is lost 5 

 6 

Summary of ship condition at all times in the MAXSURF Motions analysis is given below; 7 

 8 

 9 

 10 
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9.      Conclusions 1 

• In my opinion, at the time of departure, the SS El Faro was in compliance with all 2 
applicable statutory rules, regulations and guidelines, with respect to stability, load line, 3 
and cargo securing requirements, and she was operated within these requirements during 4 
Voyage 185S. 5 

• At the time of the El Faro’s departure, the vessel had a GMt 0.64 feet more than required 6 
by the applicable regulations.  7 

• The stability of the vessel was calculated using the CARGOMAX software provided by 8 
Herbert Engineering Corporation and approved by the American Bureau of Shipping, on 9 
behalf of the United States Coast Guard.  10 

• The results of the CARGOMAX calculation of ship stability and the results following the 11 
Trim and Stability Book calculation method were found to give the same results.  12 

• The company guidelines of having an excess 0.5 feet of GMt (i.e. GM margin) on 13 
departure ensured that GMt requirements would be met throughout the voyage and at 14 
arrival in San Juan PR. Probabilistic damage stability required GMt curve was not 15 
incorporated into the required GM curve found in the Trim and Stability book.  This 16 
required GMt was less restrictive than the USCG Weather Criteria that was in the trim 17 
and stability book in the overwhelming majority of operating conditions.  The 18 
probabilistic damaged stability calculation and GM requirements would only affect the 19 
SS EL Faro if there were less than two tiers of containers on deck, which was not the case 20 
on this voyage.  21 

• The vessel was reported to be taking on water through an open scuttle on the 2nd deck 22 
(also known as the bulkhead deck).  This is the deck below the main deck.  The flooding 23 
water was reported to be under control by phone message/conversation.  The flooding 24 
water reported in Cargo Hold #3 would not alone, cause the loss of the SS El Faro.  25 

• The vessel was built in 1975 and lengthened in 1993 by 90’-9” and remained a Ro-Ro 26 
vessel after this lengthening.  This conversion was considered a major conversion, as 27 
provided for under U.S. law, thereby subjecting the vessel to the vessel rules and 28 
regulations that were in effect at the time of conversion (1992).  29 

• In 2006, the vessel was converted to carry containers on deck and Ro-Ro below deck.  30 
The Coast Guard, so rules and regulations from 1992 continued to apply to the vessel did 31 
not consider this. The vessel’s cargo was stowed and secured with proper securing 32 
arrangements in accordance with its approved CSM and applicable international cargo 33 
securing guidelines.  34 

• The cargo hold ventilation system exhaust and intake were in accordance with load line 35 
regulations.  The ventilation system on the SS El Faro, if installed on a new ship, would 36 
be approved today, according to the ABS; I agree. 37 



SS El Faro  Report of casualty 8/31/17 

Page - 54 

 
 

• The owners of the SS El Faro operated the vessel in accordance with all rules, regulations 1 
and guidelines.  The SS El Faro was deemed fit for duty and seaworthy by the U.S. Coast 2 
Guard and ABS.  Based on all the evidence, I agree with this conclusion. 3 

• The ship motion study shows that the start of the loss of the SS EL Faro began with water 4 
entering 3 hold through to open scuttle. Through the night water in the hold pocketed on 5 
the starboard side of the ship causing additional through the scuttle. The bilge alarm in 3 6 
hold sounded alerting the crew to water in 3 hold. The vessel was turned to get the wind 7 
on the starboard side allowing the crew to close the open scuttle. Severe pitching motion 8 
allowed water to enter the ship and place water on the second deck, which went through 9 
the scuttle to the hold below. At the time of the scuttle was closed, it is estimated that 65 10 
long tons of water had entered 3 hold. The changing of the list from starboard to port 11 
shifted the water in the hold from starboard to port causing cars in the lower hold to break 12 
loose, which in turn caused all the cars in 3 hold to become loose. The loose floating cars 13 
in 3 hold caused an additional angle of list of 3 degrees. At this time, the ship lost 14 
propulsion and experienced beam winds and the highest wind velocity and most extreme 15 
sea conditions. The combination of large wind heel ship rolling due to waves, additional 16 
heel due to cars shifting and water in the hold, caused the intake vents and the exhaust 17 
vents to go below the water allowing a total of over 600 tons of water to enter 3 hold and 18 
probably some water in 2 hold. The bilge alarm sounded in 2 hold, in my opinion due to 19 
water entering through the 2 hold vents, sometime in the 0630 to 0739 time period. 20 

• A significant contributing cause in the chain of events of this loss is the unsecured 21 
scuttle; in my opinion, if the scuttle was secured, it is likely the SS El Faro would have 22 
survived this storm. 23 
 24 
 25 

/s/ Prof. Charles J. Munsch 26 

 27 

  28 
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APPENDIX 1 EL Class Minimum Lashing Guide 1 

 2 

SSL EL Class Minimum Lashing Requirements - LoLo

Additional lashing may be required for individual stacks as determined by Marine Operations.

All bays will have the outer two high container stacks lashed regardless of where the outside box is located.

If there are two high containers next to an open cell located in the interior of the bay they will be treated as outer stacks.

 

If there are two high 48' / 53' containers next to a stack of  40' / 45' containers in the interior of a bay - a gap is created.  
Both the 2 high 48' / 53' stacks and 40' / 45' stacks of the bay they will be treated as outer stacks and lashed.
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APPENDIX 2 Trailer lashing summary results.  1 

Summary Lashing- Below on 2nd Deck 

Hold A 79000# Highest weight in Hold A 2nd Deck 

NCB Calculations kl'J 

Total Applied Load 

Total Restraining Load 

CJM Annex 13 Calculations kN 
Total Applied Load 

Total Restraining Load 

CJM Annex 13 Calculations kN 
Total Applied Load 

Total Restraining Load 

CJM Annex 13 Calculations kN 

177 
142 

-35 

15 1 

142 

-9 

15 1 

155 

4 

Assumptions coefficient of friction 0.4 wheels; 0.1 at button. 

Speed 24 knots; Lash angle 60 degrees 50/50 weight distnbution 

Insufficient Lashing Restraint NG 

Assumptions coefficient of friction 0.4 wheels ; 0.1 at button. 

Speed 19 knots; Lash angle 60 degrees 50/50 weight distribution 

Insufficient Lashing Restraint NG 

Assumptions coefficient of friction 0.4 wheels; 0. 1 at button. 

Speed 19 knots; Lash angle 60 degrees 38.5/61.5 weight distnbution 

Sufficient Lashing Restraint OK 

Total Applied Load 15 1 Assumptions coefficient of friction 0.4 wheels; 0. 1 at button. 

Total Restraining Load 169 Speed 19 knots; Lash angle 45 degrees 38.5/61.5 weight distribution 

18 Sufficient Lashing Restraint OK 

Hold B 78000# Highest weight in Hold B lnd Deck 

NCB Calculations kN 

Total Applied Load 

Total Restraining Load 

CJM Annex 13 Calculations kN 

Total Applied Load 

Total Restraining Load 

CJM Annex 13 Calculations kN 

Total Applied Load 

Total Restraining Load 

CJM Annex 13 Calculations kN 

Total Applied Load 

Total Restraining Load 

156 Assumptions coefficient of friction 0.4 wheels; 0. 1 at button. 

141 Speed 24 knots; Lash angle 60 degrees 50/50 weight distnbution 

-15 Insufficient Lashing Restraint NG 

135 

141 

6 

135 

153 

18 

Assumptions coefficient of friction 0.4 wheels ; 0. 1 at button. 

Speed 19 knots; Lash angle 60 degrees 50150 weight distnbution 

Sufficient Lashing Restraint OK 

Assumptions coefficient of friction 0.4 wheels; 0.1 at button. 

Speed 19 knots; Lash angle 60 degrees 38.5/61.5 weight distnbution 

Sufficient Lashing Restraint OK 

135 Assumptions coefficient of friction 0.4 wheels ; 0.1 at button. 

168 Speed 19 knots; Lash angle 45 degrees 38.5/61.5 weight distribution 

33 Sufficient Lashing Restraint OK 

~ENDIX 2 Trailer Hashing summary results. 
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 1 

 2 

Hold C 76000# Highest weight in Hold C 2nd Deck

NCB Calculations kN
Total Applied Load 148 Assumptions coefficient of friction 0.4 wheels ; 0.1 at button.
Total Restraining Load 139 Speed 24 knots;   Lash angle 60 degrees 50/50 weight distribution

-9 Insufficient Lashing Restraint NG

CJM Annex 13 Calculations kN
Total Applied Load 127 Assumptions coefficient of friction 0.4 wheels ; 0.1 at button.
Total Restraining Load 139 Speed 19 knots;   Lash angle 60 degrees 50/50 weight distribution

12 Sufficient Lashing Restraint OK

CJM Annex 13 Calculations kN
Total Applied Load 127 Assumptions coefficient of friction 0.4 wheels ; 0.1 at button.
Total Restraining Load 151 Speed 19 knots;   Lash angle 60 degrees 38.5/61.5 weight distribution

24 Sufficient Lashing Restraint OK

CJM Annex 13 Calculations kN
Total Applied Load 127 Assumptions coefficient of friction 0.4 wheels ; 0.1 at button.
Total Restraining Load 165 Speed 19 knots;   Lash angle 45 degrees 38.5/61.5 weight distribution

38 Sufficient Lashing Restraint OK

Hold D 80000# Highest weight in Hold D 2nd Deck

NCB Calculations kN
Total Applied Load 159 Assumptions coefficient of friction 0.4 wheels ; 0.1 at button.
Total Restraining Load 144 Speed 24 knots;   Lash angle 60 degrees 50/50 weight distribution

-15 Sufficient Lashing Restraint OK

CJM Annex 13 Calculations kN
Total Applied Load 136 Assumptions coefficient of friction 0.4 wheels ; 0.1 at button.
Total Restraining Load 144 Speed 19 knots;   Lash angle 60 degrees 50/50 weight distribution

8 Sufficient Lashing Restraint OK

CJM Annex 13 Calculations kN
Total Applied Load 136 Assumptions coefficient of friction 0.4 wheels ; 0.1 at button.
Total Restraining Load 156 Speed 19 knots;   Lash angle 60 degrees 38.5/61.5 weight distribution

20 Sufficient Lashing Restraint OK

CJM Annex 13 Calculations kN
Total Applied Load 136 Assumptions coefficient of friction 0.4 wheels ; 0.1 at button.
Total Restraining Load 170 Speed 19 knots;   Lash angle 45 degrees 38.5/61.5 weight distribution

34 Sufficient Lashing Restraint OK
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 2 

  3 

Hold E & F 75000# Highest weight in Hold E & F 2nd Deck

NCB Calculations kN
Total Applied Load 160 Assumptions coefficient of friction 0.4 wheels ; 0.1 at button.
Total Restraining Load 138 Speed 24 knots;   Lash angle 60 degrees 50/50 weight distribution

-22 Insufficient Lashing Restraint NG

CJM Annex 13 Calculations kN
Total Applied Load 137 Assumptions coefficient of friction 0.4 wheels ; 0.1 at button.
Total Restraining Load 138 Speed 19 knots;   Lash angle 60 degrees 50/50 weight distribution

1 Sufficient Lashing Restraint OK

CJM Annex 13 Calculations kN
Total Applied Load 137 Assumptions coefficient of friction 0.4 wheels ; 0.1 at button.
Total Restraining Load 150 Speed 19 knots;   Lash angle 60 degrees 38.5/61.5 weight distribution

13 Sufficient Lashing Restraint OK

CJM Annex 13 Calculations kN
Total Applied Load 137 Assumptions coefficient of friction 0.4 wheels ; 0.1 at button.
Total Restraining Load 164 Speed 19 knots;   Lash angle 45 degrees 38.5/61.5 weight distribution

27 Sufficient Lashing Restraint OK
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Appendix 3 Flow Calculations 1 

 2 

Sample EXCEL SS water flow calculations (Marks Engineering Handbook 11th edition p6-3 
30) for scuttle. 4 

 5 

ideal Vi=(2*ρ*g)^.5 h= 0.5 g= 32.17 ρ= 1.988
Vi= 5.6548 

actual V= Cv*Vi Cv= 0.98
V= 5.5417 r= 0.5 
Q= Cc*V*A Cc= 0.6 A= 1.2854 
Q= 4.2740 ft3/sec 0.588

31.97 gal/sec 
1918.30 gal/min 

7.5 255.77 #/min 
15346.43 #/hr 

6.85 LT/hr 

 6 

Sample EXCEL SS water flow calculations (Marks Engineering Handbook 11th edition p6-7 
30) for intake vent. 8 

 9 

ideal Vi=(2*ρ*g)^.5 h= 0.5 g= 32.17 ρ= 1.988
Vi= 5.6548 

actual V= Cv*Vi Cv= 0.98
V= 5.5417 r= 0.5 
Q= Cc*V*A Cc= 0.6 A= 12.6 
Q= 41.8954 ft3/sec 0.588 pi r2 .75 r=2 

313.40 gal/sec 
18803.97 gal/min 

7.5 2507.20 #/min 
150431.78 #/hr 

67.16 LT/hr 
  10 
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Appendix 4 Maxsurf linear strip theory equations; (From Appendix A of Maxsurf User’s 1 
Manual) 2 

 3 

Heaw- and Pitch Motion of a Vessel in a Seaway 

The ship mo:tom ofbe!l.'\~ pm:h and roll are oscill3tmy in M~ this t> cine to me 
rest«lng fDrre created by~~ in buoyaxy iw:oh'E!d m these mot:iom.. Tbe mDCLCX!lS 

of a 5!D:p m response o l\11\1!5, m.1}' be ccmsidered 115 a forced d:!:mpe<kprillg-m:l5S 
systan. MA.~ :\~ms ClDNDliy only deals ·wtth tbe coq>led motiom of pi:c.b md 
h~-e. The m-o rele\"'.!m eq>J:ncas ai moo. em are fir be:n-e.. 

(,\/+ . 1 -,;J-B"r;, ..,.c //" ~ t,.ij,-B,.r;.- c :.•'l·=F,- v ( 1 ) 

3Dd :or pttch. 

{ 1, + . 1.. • + B.,,7. + c .. 'l ~ - . .f,,;,J- n.liJ- c. r1, Fe:r~ • 

where tbe \"U:riab!.es a.-e de:5.Ded as :OUcn:s: 
M mass of~ \-esse!. 
J, mo1lEJ1 0: merna far pitch. 

added mass coeffide::u far heJ\--e due to be:r.:e. 
addfd mass coeffidell: far pncb due to pi:tb. 
added m:35S coeffic:iem for hel\--e due to pircb. 

.111 3dded mass coeffic:ie::u far pitch dw.! to ben-e. 
B» d.:m:Jpi:l.g coefficiem for he.n-e due :o ~\'e. 
B" d.:m:Jpmg coefficiem for piKb due to pi:dL 

d-1mpi::lg coeffiaem far bea\ooe due to pttdl.. 
a, d..lmpi:!Jgcoefficiem !«pitch due :0 be:l'"o'e. 
Cu hydrosm:t.c re5".0Illl,g coeffiden: fm ber.-e ~to hem-e.. 
C,. hydrost:oc rs:ortn,g coefficiem for pir.th due o pt:th. 
Cr• hydro5ll!:LC ~ar:tllg coefficiem for ben-e~ to pttch. 
CJI hydrosm:tc ~armg coefficiem fOf pir.rh due o Ilea\ -e.. 
FJ ben-e exririol folee. 
F, p:b:b E!Iri~ IrDmen: 
I'Jl ~ be:nooe ch.5pl.ocemem. 

lj ~ be:n-e \-eloc:ny. 

ij ~ be:n-e :KCe!~m.. 

I'}! ~ pi.'th dupl..:mwenr 

tj. ~ pi.'th \"!tocily. 

IJ! i.lo.s:t:m:n:lepi:ch accel:onoo. 

(2 ) 

In order o sol\~ tbe5e equ:mons it ti n«esary to obcmn l:be coeffidl!!ltS and vx:imn.m 
farce 3Dd mom:m. Tbi: procecfu:'e med is descn"bE<l in l:be :ollimin.g sec:o.om. 

In ~L4..'XSURF :\!otians the da:uping u c:akuh1ed USlll.g DI\i.sad dow tbeory. The lEE!" 

h3; 0e op:l(IC!l of specifymg add:iti.cm3l be:n~ :md pitch ~mg ~o :illcm· far cl.1mpmg DO~ 
c,a)Cllbted by~ i!ni.sad !low I:lOCielled.. The mer t> able to specify ~~OD.ll 
d :rrrrpb:gpn :md fo• from ~~cb ~ actn:ll <i:l:!q>ing is calax1J.1..~ :li follows. 

B., - 2P • .Jc.o. +A..} ~imn= 3. s. 
The5e '"J!nes are lheD added :o l:be unucid IJ., 3Dd B· •. 
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 1 

Solution of Coupled Heaw and Pitch Motions 

The solm:ion; to me coupled he.n-e :md pnc.h equaticms :1.Jl! foaod mlng the ~m:bod 
~bed by BMtmdl:L'I))"'l (1978) v.ilicb. ts CJI.li1med below: 

If :uidrtiCI1.31 cbmprn: fm ben-e :md pncb lu; been spea:fied. eben tt is 3.ppti£<i 3t tb:is 
poim. 

C:) 

A. - • :hts is tbe runing maar 
~c .• (m + _t,, I 

The speci.fied DCID~IDiln>iOlLJl d.-t-rnpi:lg. p~, 15 355Ulilled to be e-\-ecl.y dismOuted alo:1g 

the lel!.:"lh thus ~ addb.CD.'ll ~ can:s (gj\e the 5UpE!'5Ciipt - ) are ~as: 

B; - '2)./r,Jc ,(m +. , ) 

B
• 

8
. B; L 

! - ' --., -

Q = C;: .J,.OJ; IIJ.. .aJ
1 

R = Ci:! - . ,e; + 18., (!>, 

S = C,.. -{I: +A!. )c~. + fB~,<J, 
and 

I. 

Global Added Mass and Oa!rping tStrip Theory) 

( 3 ) 

( ) 

The \'eltiad mot:iom of a \ "ESse! (pnc.h ~ ben-e) are most readily C1lro!.:ued by 
subdin d:mg the "\'e55eJ i::Jto a :m:mber of ti:mi\~'"'Se nips 3Dd CCID.SlC:iamg dJe forces 0!1 

each of me s.trips.. !be rwo di.mellslcmal added mass. d:mJping md res~ coeffic:iem 
are calculatEd fm each s:rip. :md me respecti\'\1! g!.obal ooeffic:ien::s are thf!ll 5:Ju:!ld by 
i:!l.l!grmi:l.g ~aug the ~~of cbe bull It is a5.S\IIlEd :!l3I the a.mph1llde of oscilhum is 
iUfficemly soWl lhlt the response of the \b-sel v.'ill remain l.iDBuiy proparnoml to 1be 
3II!p!.i:ude o! !:be w:l\ ""6. 

The global added ~ :md d.:!.mp~ are rucu!.Jtad occo:!d.mg to t!JI: IDiltbod &\'eloped 
by Sal\'e561 et al. (1970). Tv.-o fcm:mlauons 3.1\! used: ~ :fi."'S1 1gno;e; m.: l:':UlSOa: tem:ts: 
whll..;1 these erm; ~ ixluded bl me. secood. 

The coeffidem; bl me E!Q'l.'l:l0!15 of miT.I.Oil are .ronmm ~.ed below. ~ 3re the~ fO'! 
bo".b the [l1JD.;(l!ll t&mS :md :10 cr:::l50m rum;~-

( 5 ) 
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( 6 ) 

( 7 ) 

( 8 ) 

( 9 ) 

c, _ c.,, = -pg J ;ltd~ ( 10 ) 

J. I I' c B Jf ~ - ll J( - +: J 
t •, 

( 1 ) 

( 12 ) 

( 13 ) 

( 14 ) 

( 15 ) 

For me mmsom r.mn; \ -eJ'Sloil. the follm.1l.llg 1emlS L"r@ added to the coe!fia e::rrs gj\'el 
alxn--e:. 

( 16 ) 

( 17 ) 

( 18 ) 

( 19 ) 

J Tm. = ( ~0 ) 

Lr, 1 <- ) 
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Du 
l a ,, 

b u 

bl~ 
b 
g 
u 
~ 
p 
0., ... 
":' 

seaio:!l ::.ddfd llll,;i.. 
added a:m a: t!3!C.Om section. 

secia:t d:uDpm.g. 
~.ng of ti3mOlll5.eetian. 

secio:1. be:m1. 
accel.e-ario:n. due o gra\1ty. 
'~ fmward \'elodry 
3: ordi:!m.:e of tnruac: (::am c~ ~'--e m) 
o:Juid densif)•. 
ll\"3\'E! enc.cxmier arcu!n:r frequi:!Dcy•. 
loog~.tDdi::W ct.:."':ll:U :fron: LCB . 

W~ Excitation Force and Moment 

( ~ ) 

( 23 ) 

Tbe \\'3'\'e excitation farce and moDEm dm~ r.be moa.cms a: the ve;s.el Far solution; of 
1!le coupled bea\-e and pixb equm:ion; of mlUO!.!l. anly !he global. OOt'ce a:ld llXJillE'lll 3fe' 

requi!ed: bm\~w. for solmion of~ W:Ji\'e mduced sbe:Jr fDiu 3Dd bendmg IIJODJI!:1I. :he 
forces must be cmided mto c.be 5.eetioml F roucie-Kri.lO\- and d:i..ffrncnm forces. Becnu.se 
.ie'\en1l simplif;i!lg assumpocms I:D}' ~made. ~ ~ ch..-ee :cer:l!.ods :n1J..ilil.ble for tbe 
e\'3l.mtion of !he Gi.oba! Wa\-e Excitation Force a!ld :\foment, t1:le:ie are: 

.-\rbitnry -.n\·e beading; secooml F raode-K.""i.lO\~ and di.ffr3c:too fO!Ces :or :.ubi0"33Y 
WJ1:E 3,~Je;. 

A¢n. me ~~ futlow che \\-ark o: S:llve5eD et aL (1970). 

Arbitrary w~e Heading 

This IDe1bod Li us.ed o cnnv.ue tbe s.ecnooal Frotde-Krii<r~: md c:fi:frnaiao force.; far 
arbrnmy ll\"3\'e ~es. 00s- ~t!lods.. prese;med below !lm-e 3dditiao.al assumptions th:u 
mab 1bem si.wple; and quicker to cca:::JpU:a. 

F ollcm]Dg tbe v.'Olk of~~ et al. (197()). :be global e.'ritm.g force :md UlOIDi!IIt far 
:utmr.uy wn-e beOOmg are gl\'aJ by: 
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2 

.h is me .sec:tian:ll Frouc:lfe-KrilO\- farce. 

IIJ is the .sectional Diffracriao ~-

( ~4 ) 

(25 ) 

Diffraction Farce 

The seaicm.al diffrac:noo 1\"l'\-e force is gn-e.n m Eqrl:mo::1 ( 16 ), DO:! th:tt this equ:mon 
i::ldudes the ware:r de:l.s:il)·. p, a:!ld che wm-e 3I!Ipll~ ; . The dey.b a.-xen113:lm ~ 
m ~ eob cmn 1m the cpposi:e- Slg:D SJIX:e MA .. 'CSURF ).f.otio:!lS s(!D com'elrion h3..i z +"' 
ecw.~ 

( ~6 ) 

E.~ :he sme a:Jd c.osiae ~ tm.; may~ rsnt:m as follO'\l'S: 

f~ = ~;(.~~{co-; .b co. 11, -lllnH. k,.en Jl)}...: 

·, (i!- .i' lli.u.u>{~o!i(J.xsi.u,u) + ;~>in((nin,u)}c~(:).,c/,' 
( 27 ) 

. : 

• 101 I !!• J = ,e , = 
llt•' 

is me W'3i\ -e frequeocy. 
is me frequeDcy of We osdD.anon of We seaim (eocoumer f:'eqtEDCy). 
31"! me long:irudiml posttiOD of We seaiO::l. aod trln5\wse aod \"!lt:iul 
por.ms aD We sealO::l COOIOOI' respea:i.\"'!ly 
3fe: tbe omward llOCDJ.3l mm \"ed:ar of tbe 5eetiou. 
are ~ .s.ectiou ccm:our 3::l.d elemem cf a..!"( along :be sectioil 
is the wm-eheJdi:ng :mgle. 
is me alq)litWe of We Cl\'0 dUM!Jsu:mal \~oci.1' poten:I.3l of We seaian. 
mbeave. 

The SCg:I!EDI leng;-.b :or :be mg:mioD li calcul.."led aiiUD:tllg 3 Str.l.lg:lu lme beel\-ee:D 

i:::l:l!gr:nio:t pom:;. Thf. omt WXIIl!l \'l!Cta! c.orq>ODe.D.:5 a.."'e wcol.lcec:i from the- ilope of 
t!1e mapped secnoo.. 

The Yelcdty poEI1ial 0::1 dle SU1"5ice o: tile secn.mat p=(y. z). is C3lcula:ed by 
cambi:Ung all tbe Uldi\1.cfu;:l temlS m rlle \ 'l!lodty po:moal :u per Eqw;tion( :g). DO:P 

u it li 1be 3lllpl.irurJe of me ,-eJcx:q· pot:emul t1w is~ 
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Froude-t(rilov Force 

'The sectiooa1 ~KrilO\' \\11\"! force is g1.\'ell i:l E.quJtiao ( 29 ). note tblt this 
equ.:ttjcm rndudes l!le \\'3ter de:tl.si:y. o, :md :be wa\"! ampli.:ude. ;. Agltio the depth 
3Iteli!.13.:10:t e-':pOllmt h:!s &. opposite s1go smce ~•!AXS'L"R? ~f.otion; sjg:n con\~m 
1lls z +.,. dm;n (fm the 2D .sectiao dab cmly). 

r ,.,_ - lkrcos ( r~ :b t: - kzd'l 
J 3 = p~e ::e · · e t .c. 

, = p~ co b-:a JJ)-J tnl.t\'ro;,u)} .. 

f : ll;{l~ Hill )~) lt.ill( HIII JI)I· t:dl 

Head Seas Approximation 

( ~9 ) 

( 30 ) 

'Ibis met!Jod u ilD:pliDed b)• ~ tb.3I the \ 'e55el is in bead se • The sec.:um:1l 
F roode-KrilO\' a.:Jd ch.timcnm ~es are obt:tined wbic:h makes :bis method sui':llble for 
the lo:ids alculnticm;. 

'The be3d 5e3S :~.ppra:rimltiao to the seaioml ?'to!Jde-Krilcn· wa\-e fan:e is gJ.\ 'ell i:l 
Eqta.nm ( ll ). nor.:e tb1U thls eqn.rio:!l iDdudes dle \\"3.:& den5lty. o. 3!ld tbe w:rre 
ao:p!i'llde. ;. 'Ibis foLow~ tbe w«k of S~'e5CD ~ ru. (!970). Eqm:ux:1.s STF-32, 33 

.f, - p;gbt~ l' ( 3 ) 

Btp3!ldmg me mJe a!Jd (~ temJS. t!n.; may be- Jl!'>\Ute:l. :u follows. 
I I • J I -~"!""'· ' A I I' 1111 ' )Jl' (3_ ) 

w~: 

b 
d 
..... 

A :s=-· 
bd 

is me rotll iE!Ctlcm be.lir.. 
is :be secnm d:r.lft. 
is :be secnoo 3Tf!3... 

is :be secnao. area coe!Sae:at.. 'Note th.'lt d; - A. . 
b 

Secoodly. the bead 5e3S :~.ppra:timlticm ~ the sectiaoJl di..ffrnc:lm W-:1\"e me is gns tn 
Eq.unz ( 33 ). no:e 1hat this eqn.rion iDdudes :be v.~Er density. o, and tbe W31:e 

srqt!irode. ; : 

( 33 ) 

( 34 ) 

w~: 

aJJ is :be secnoo.added m:ru m be:n -e. 
bJJ is tbe secnc:r.ui:uq>~ m bel'\-e. 
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Saltresen eta. {1970} Appreximation 

This melboci relates tbe global "'3.\"e' ~:riat:i.o:1 r.o the sectiaoai added sms and~ 
coe9ki-ems. The seaiomi. wm:e exrir.Brio:::t f<J~JCes. :recr.tired fm t:!le loOO.S ~'Eis 3-!E! DOt 
computEd c:tirealy. Boob l\"11\~ heB\"e e:dution forte 3Dii W31. -e pitch e:-:ri:ati.O!!l DlDI!Di!llt 
may be e-•al.mted \\i th ar v..Ltbaut ':ro.DSO!n w:ms. A! ~ :he bea.d .;ea; sppl'O.'rima'J.on 
is used The e."rdt!:l.cm can be et::!ln::·ed usmg co:n:pla ootation in oe'de: to ob:mn me 
~~phase. 

It sJJould be ooted dw these eqUJtiom .n estim:l':es far ha1d seas aoly. In addim.oo1be 

"'3\~ ax~cm "idl depth is appro:s:hmted by me e tam iD cbe espressio:!lS below. 
Ap;tj o tbis is a fmrly ~ appro::tim!.tion \ '31:id fo! '1:lomnl' semoo. s!J:Jpes only. 

:, •. :,.._,.,, r'u. ~~ ~ - Jh" ):,.: 

s If b- (J) (l~JI~: - lb:)}- JV' w (~a~- -1~3J]d=· , n>, 

The addinmlal t'a.Tiabl.es are deiDed as tollim-s: 
d semm ctraft. 
s secrioo area coefiamt =Sec. _iUea, ( Sec. Bea.m1t 5«. Dnd ). 
k wa\~ mm:ber. 
c-J v.11t-e cin':ul:!! !requexy. 

Wave Attenuation ,,Smith Effect) 

l if 1 
.. ) n-b 

1 COJ 

( 35) 

( 36 ) 

( 3 ) 

( 38 ) 

{ 39) 

and the effecti\·e v.~~ arcpli."Ude ;• t; g:i\"ED by tbe relaao:nship m Eqm-non ( 40 ): 

. J ~J ~ :) - J,.. l ; = -: ,1- tl ~c.t u..: 

nmiDg mat }\0) is tbe waati:le h:!lfbe.Jm. 

Added Resistance of a Vessel in a Seaway 

( .w ) 
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The 5rn two t!1e based OD tbe WOIX of Ge.-.i:sma :md Beu}c.=>...lm.lo (19 :::!). The added 
Tesb-.3IX:ll is reWed 0 me ~n: \ 'eitic.al moaty of r:he \~ comp3I'ed \\itb t!le \\'3\"e 

;wfuce and tbe d:nqDllg co~ffide::JI. T!le cfdemxe bem'l!E>:!l mem-o \W'Sl.OllS lS a smill 
di.ff'e't!Da m me ~m tar me rel..ari\"1!' \"elllcru mooon.. Tbe genern~ ~n is 
g:J\l!D m tbe :ollim~ equ.'Jrioo: 

( 4 ) 

wbel'e b ·, - b1 - C/ ~~ L> a mcd.:O~ sec:ioo cl:uuping:; 3Dd V! is me rel.1tn'e \"mlcal 

n:lodty, gi\'El by Equ.niao ( 4~ ). 

( ·L ) 

\\~ .; • is gi\e by EqoJ3.:um ( .U ). 

Ko:.e t!l:u . 17, a!ld f • ::.re me oomp.es hel\-e. prtch 3Dd l.oal re!..ati.\~ \\':!1\"""e ampll1:\lde5. 
canutirEi:lg bot!1 ~ :md 3IDplirude !llfmmlti.OD. 

The C\\'0 methcds \'3l'Y ooly im. :be ~sian for tbe det:hU\"e of ; • . Y e:5t0!1 A uses the 
v;:pn!Stion im. Equ:niao ( 43 ). \\~ V emon B a5e5 r:he apres.sjon m 
Eq'.l:l:r.on ( ~ ) • . --w ' · :-

(!) 

( .u ) 

( 44 ) 

In the chird method. de5aibed ~· s~.h-esa (1978}. :be t!.dded resistance is g:i\"€1. by 
EqtJ.Uc:r.J. ( 45 ). 

( 45 ) 

~ =~j 
! 

F. ..J _ . -n[ . ') ( iU 
• - - ._ (! ~ t! Cl - - t!\1 - + -;:; .. . 

Koce t!:w :md f7.~3It! tbe complex htm'e :md pttt.h ~l.irudes., cnnrninmg both pb.ase 
and am:pi..Itllde mfmm:noo. 
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Flmlly th': added resmznce miD.g a metbod proposed by Ha\-eJock (1~2) u gi\'al b}': 

R AH =-: {F,TJI s1e £ - F~f'/) ID ~,} ( 46 ) 
'\\.~ Fs and F, a."e the :m.:,:gw.mde5 of me beG\ 'I! aDd pirrh exdtation forre a:Jd moment; 
ps aod p ' BN th: Imglllllmies of t!Je. be:rre a::ld pLtdl motions: aJid 
Es and£ J are tbe p3lase <ti!fen!Ixe5 a! r.be beG\~ aod pL'Th motions \\lith~ COll1!5JX13Jdil!l,g 
e.:u:itmcm foKe or tmlllf!,nt. 

20 Ship Sections 

'The G!JGJ.!.Jtioo of c:be :.:dded !ll!£5 and~ of two ctimensio:aal slrip secnms. is 
ba;ed on the vnd ofUJsell (1949). for a rn·tHtimeni'iOllJl ci:rrula:r cyfulder beJ\~ in 
tbe me swfa~ The "ttk of Bkbop a a!.. (1978) bas ~ r11e ongiDJl 3ppJOO.dl co 
il!ldt.xle confnrm..-:1 rmpp~ tedmi.ques wb:ic:h may be used o m.1p tbe ship's secnm to ::. 
u:nlt cirtl.e cE!Iltled at the aiigm, :m.d Dec,e calailil.te the b}'drod;m.mic coefficiemu of 
artnt:uy sh:ip seaions. ~ \\"'Oik o:f S~ (198' I is also 31 mefu3 st.aJ:ti!ng po:illt tDJd 
repbmscs tlJe u:emod ofBis.bcp et al. (19 7). 

Calculation of Adde-d Mass and Damping of20 Ship Sections 

'The ccmfoxmal ~ are deiaibed io ~ detill io sedan Canfurma! ).f:l.pp:.n.g 
on ~ge 1, but~~ toon of the ~ppmg eqm.tion is g;i\a below in 
Equ:uicm ( 47 ). 

( 47) 

The won ofUI5eil (1~ de-\-el.ops a 5.:mmal.Jtioo fur me added mass IUid ~m,g of a 
hen~ ciroJ.br C)'h.:I:d?:r in a free .5JJif:lce. 'The preseoce of 1be free smf.xe gi\'5 rue to 
me fl:'eqtsxy depmdaJCe af & hydrodynam.k coe:caeats. l:ISelJ used a Imlhipol@ 
e.~ on of tbe 51re3ID ftmaioa and \elocicy potattial to det!Dm.D.i! the flow a."'CJUDd me 
qlioder, 3IXi heK1e ~-ri\~ me nydrodynm:k coefficim:s. 

The priDciple steps of me method are gi\'elli.D t!le fallcm~ sections. 

Calculation of multipole expansion coefficients 

.!\..; me.mioned abo"\ -e. the 9e!!m function roxl \-eJority potemi31 are ~as 

mulnpol@ exp.mslmlS. !be coefficien:ts o: me Dllllapol.e exp3Il5ian. P:.a aiJd qy.. are fOI.I:Dd 
by sppJ;'bg ibe 3pprop1fu.te b OJJDLbr}' coodltia:l 3.: me cylc:Jder stOfJ~ This leads tD 
E.qu.anO!l ( 48 ). 

\ TJ fi t- _ J(8) \ TJ (!" ~ I - .V f. ((}) 
'~': T , ·• - p_,.. -• lhill' bca.m -_, 

( 48) 
\f' 8l- - ' •(O) 'f'_(:tr 1 "'.v u_ .I _I'Qi 

r . 1 hill' bca.m · 7 
-· ,_1 

Ax=b ( 49) 

\\'ll.ere dle \-ector x con::rio.; tb.e P:m or~ 1ems. the matt:t.x A ccm:t::.ms che fla reno.; aod 
the \ '"8Cro'.f b c<llltlios tbe ~·, o:r ~ , ~erms.. 
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y(8)"" a [~mB~a1 sm8 -a. sm38+a_, ~•n ~8-"- ·-(- Ira s.m(~n - 1)8] 

: (fJ) :. a [cosO · a1 cos9 +a,cos39 a oo~~Oi-· ··+t-lfo oo~(:rJ IJB] 

'P (6~- :-o
412 llillk'Y 

r • • 

!~ -\•t U "iln \12 + k ('OS Vl 
e 11 'J tiLt 

l k• I u 

(50 ) 

(5 ) 

The ~ poLn:S y. :z are olJt:!lDed by applying 1be mappi!lg equJtian :!l mgJe e 
(Equ3.1L011( 50)). 

StllCe me mgmlbl Equ.n:ion ( 5~ ) CQD'I:eTga skmiy it is e'I.''Sb.LJted by m alt'all.3ri\~e 
me;.bod. !be memod u;ed foll""'-:; 1!1e w.·ozk a! S\!Jtllerl:!.:!ld 3.Dd is lmm.1!1 :u the me:OOd of 
~rm qmdmture. .It lm}' be sbow.':!l t!W th.i! in.~ can be alllmted 3.S in 
Eqr.!l:laoo ( 53 ): 

(53) 

Whe-e tJle. \\-elghtiog :ftmct:ians. w., :md me absci.s53, s,. m.l}' be fcxmd in SCl.:ldard :E'tt:i. 
F!M.lly th~ (:.. rerm; are ca..kuk!.ted fur eoch multipole- at each angle ::.ccardiJ:le o 
~( 54 ): 

(~) 

• .., ..cl L [smi ~m- 1)8 ~· (-l)11• 1 (~n - L)a ._1sm(2m .... 2n- 1 )8-~ 
SJU ... FfJv + '100 + 

~1r1 I •1 ~m -! ~n L _ 
( 55) 

w~ 3Je, ••• are me confOIID3l.IJl!Wio.g comi.cim1S. 

Least squares sci uti on to OYN -defined set of linear equations 

In prar:n<ie, Eqwooo ( ~9 ) is soh-ed in alel.Si: squares s.e:J.Se: a miil!ber of a.:1glc., R. axe 
cbo5E!l at uiridl. dlii! , md ,.._ tenu; are er;.'3lu3.::ed fmm Equ.Jtio.ns ( 5 ) and (52). !be 
number a: mulripoli5. __ is ch~ 51rll th:u ~{ c. R, and the fl. [5JilS are E\-ahm:ted, 
ar_cardi:n.g to Equation (54 ). fur each of the mul.tipoles ::!..1 eJcb of 1he angles. Tim; m.~ 
are more lioear eqttltions dl.m l.mkoowns. n may be s.h.<mt"D d13t the leJ.st 5q1l.li'ES soluncm 
to 1!Ji.> system o-f equ:!.tians mi}' be ~~ m Imnix fMm. as 01 ~01!1 ( 5 ) . This 
~~~ Im}' then eGSily be soh-eel by GalES elDrinatiao or my adler m:mi~ .;oh ing 
~ SliCh as Gaos.i Seidel m 503. (51JCces;h-e 0\W-~o.o). 

( 56) 
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Calculation and integration of pressul"e' functions around contour 

O.oce dle coeffidelti, p-. ... a::ld Q> ba.\-e been fol:md, tt is IDf!CeiSa.'!)'" 10 cal.cula.2 dle renu; 
:h.t and 1\o. T'bese :ue calcula:.ed occonitil!lg to f.qol.'Ulcm (57). uilS"e me. fu:ooo.cms a..-e 
i:!u!grmed cnw one qt13.dnmt ofdle section m dle tmit d."'Cle plane . 

..iJa r ~Go- f(fJ)JJ.(8j cf(J 

• l lnlf beam 

il/. = r l ClfJ41\;• (J')TJ'(Q) (/8 

' 
0 

• Half beam 

lf 

.11{8')- fl>_ 8 )- L:r~~ ~ (9) 

v 
.V8 - ¢', (9)+ P! ~ (8 

I'l-l 

,.-(9 ~ =cos.8+ ( - l )'-1
( - " -l)a~ 1 oos.{l n -1)8 

11"1 

The terms dlL w •2a are calcm!:tted from EQum:io!lS ( 59 ): 
Cb! t B) = 1ft! " cask 

..,. .:~ .1: • 1.. L.,.. " v c~ t~ - k .. m u: d .., t tr J - iC' c;m "",. e , • v 
- • lc' ~ u· 

~ -oos.luJO+k~ [ co~2m 11)0 + ±t- lf ' ..:..(~_u_...:............;;:.L_~ __ 2_"_l~}B-_,J - ~~ 

A!Jim me imepalmibe dlt ll::.'llnis ~11!:u .. nedbyl..3,~ quadrB!ul1e ~ 
Equnicm ( 60 ): 

Addltional ~ A .3IId B se calculsted from Equrion ( 61 ) . 

Jl 

A = 'l'.:(;r l l)+ · P~t:':.(:r ' l) 

.v 
B = 'I'J (;r .r 2) .,_ .- '1. ! .. ~P1.~ :: .' :) 

1•1 

( 51 ) 

( 58 ) 

( 59 ) 

( 6) ) 

( 6 1 ) 

Fimlly. me section addled mass. au. 3Ild the section ci1mpi:D,g. b.u. m3Y be c.alcul:!:ed 
fromE.quario:ns ( 62 ) alld ( 63 ) respeat\--el}'. 
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 2 

( 61 ) 

( 63 ) 

Checking the solution 

A cbeck of o.e ,~Jlues ~ m1)' be made by equ.nn.g r:be eJJeTgy druip3ted by the 
W3\"5 to tbe wa:k daDe b)• the cyfulder. This leads to o.e foll<m.~ rela::umship. 

, 
J/ o-4 - Nr;B = !!..._ ..., ( 64 ) 

Important notes 

1) The a]rnlariQDS of 3dded OlliS and cbmpi:J.g sbould be doue u:si:!lg thl! eocOUIJS 
frequeocy. Furtbs, the wa\-e :m.:.u:n.be! should be based em E!D.COUil."E!r frequency. Th!.; is 
because the ~ wm-es wbich cmse the ci.'uqlmg aod co.ambme to tbe added l!ll.155 

are generated by the maticm o: :be \-e5sel ~1lldl is assumed ro occur at me exou::!IIer 
freqUi!DC}' W !lOt tbe natural frequeDcy of the WlJ\~ C31J.Slllg me exri:moa 

:!) ~is tm mar m rhe equ:niao Ear quat~ by Sw3le:'lz:ui (1987) - Equmio:l4. 7 :!.Dei 
Bt..:.!lop a:Kl Price (1978) second E!q'.l!nOO... -~I: the br3cke2d III.lme'mtar m :be 
Ull!g:rnl s.bcol.d be a mmm ~g:l fur ~ the ptu; sign sbauld be kept fer ~·s. The correct 
equmans ~ gi\e m tbe ~ deri\nm by U5ell (1949) 3Ild ~also c«:rea m tbe 
wen of de Jan.g (1971). In:~y, tbe origi!l:ll S1rbai3IJ4 MA ... ~URF ~mO!!lS code 
is com!Ct.. 

Added Mass at ~fi~ Frequency 

.Aassummg a S)~mc n:13.ppi::lg equ:om is u;ed, tbe 3..5}~tmc \1ll.ue o: tbe secnon 
3dd~ Im.55 as tile e.~ frequeDc)-~ i:!CDL;• 1.5 gil-eo m Bishop em aL (! 978). 

( 65 ) 

NoM>imensional Darrc>ing Coefficient 

The Dl7!l~mvmsiaoal dm:I:pl.ng, ] 1 is the mno of the a.!q)limde o: the rndi:!:ed wm-es at 
i:nfioi.1)' to the mrp!r:ude a:~ bea.Ymg o-~tion. 

( 66 ) 
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NOIH>imensionaJ Added Mass 

The 00!1-<ilme:tsiooal added rm.». C .... l.S de5oed m Ecpm:io::1 ( 61 ). where b is the 
section bea:n md a u is the ~ ~s. 

( 67) 

NOIH>imensionaJ Frequency 

The DO:l~ ~- • L5 d-efined i:l Eqtl.ltioll ( 6S ). lii"!Je..-e b 1.5 t!le ~an 
be:m:. 

( 68 ) 

Representation of Ship e- Sections by Confannal Mapping 

~anml tmppt.:ng ml}' be used :o rr.3,p .3D 3Jtnt:'3!}' slllp ' s sed~ :o a li!Ut arde 
c~ a: dle ongl!l. The SCl'ltmon of the poten.:ia1 fun• fo:mlla:ton for a umt arde nny 
me be applled to a:!l arbltm)• m.ill fmm The cC!ll.fmml m:..ppmg h.3.; tbe geni!l'1ll :arm 
gi\'al below in Equmio::1 ( 69 ) . 

~~ ) "" '? ( 69 ) 

\\ 'he-e ; l5 a ~let II!lJ:I:be' l)~ on the umt arde. The coord:inate S}~ li s!Jo\\11 m 
F Lgure • 3.Dd i:l :his ~ ~ = ie-'" 

The a:!ppm.g desm'bed m =:qw.non ( 69 ) will tmp 3D ~· sk!pe m tbe X-pla2 to 
the un.it arde iD the ~ -pla::le.. I: the~ 1Clt md: lS n::!pped. tbere L5 oo need :or 
S)~' phDe; to exist i:l :he )=0 a:od z;::() aK~ Ibis ~pe 0: ~ L5 meful fo; 
h@e!@d }".Jcht section; or !l.S}'Dlll111el:'lt car;m;..,mn bulls. 
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Derivative of Coofamal Mapping 

.1\.ssum:mg me. S)'ll:m!aica! mtppmg eqna:L.OO.S :m! n.sed (i.e. only !:be odd ; tm:cs ~ 
u.;ed):; see Eqln'J.m ( 7 ~ ). 

The dm\":!.tius of :be mappm.g are enl.mted. accardu:!.g :o Equ:man ( 7 5 ). 

:Q = 17c-(C1-~fl+ n1 C(),fi -.'')~C~)'. ~8 i Yll CO"\ <ifi +··· 

- (- 1) (.:! rt-l)u, os(:! 1. - l 18 ] 

~= -a, [llil8 -<J1 ~;in <I+ 3a_ ,i.tJ 3&- ~uJ 'illl ~0 + ··· 

~ - 1)" (2rt - 1 !ln c.1n ~n - DO) 

1\or.:m,g 't!w: .; = l 

Shear Foroe and Ben ng Moment~ to Sh!f Motion ·n a Seaway 

( 7 ) 

( 75) 

Eqr.l:nm 64 o: S3.lt~ Tuck md F"'lrbsen (1970) i.; reprodnced here :u Equ:rrioo ( 76 ) 
3Dd gi\1!S me :-e;ulm.m sbea:r farce bending ImmeDI of a lmll m 3 se:n\11). a;: 

J -I - R - E - D ( 76) 
r 

1 J I J 

v. 
I, 
R. 

l.i me resubmt s.heJr fo!'Ce or beKi1:n,; mommt 

1.> 0e i:!le:tial cao:ponmt. 
1.> 0e bydrost.l:X (restanll~~" co~. 

E, 1.> 0e U"3'\l! aciutioD term. 
~ 1.> 0e bydrody.!J.mc cac:pooem.. 

l.i Oe degree of frl!edam 1 to 6 ) 

( 77) 

The ~UqJllmde 3:ld phase o: tbe :resultmt ~ :arre or~· mnmem is immedi.aiely 
ar."31l.able from :be co~lE't 3dchticm of the coeffide:tt; of Q,., 

lnertiaJ Component 

Thls roodnle calcui..Jte; the t'6tlul s!le:!: :mces 3Dd be:l..chJ:J,g moment caa:pcmmts due ro 
the iru!rtul forces 
The sectiao meti3l lo~ m beat-e., l '- is gn~ by Equatiao ( 78 ) {53lt-ese:l et aL 1970. 
Eq'l:t'J.Ul 66) . 

.. __ .a~_! , _ - :_. 1 7~\ 
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'The s.be3r furct! :c sectlOll ~ is cak ulnd by imep:~ rio~ the loodul.g fu:w3rd of cbe 
section of imerest. 1'1:ms dle she:u force cbe to dle iner:ll:J forces is gi\"5!1 b}·: . ,J.:, ( 79) 

'The beDd:mg !mllEl.: at secticm :t, t5 gi\'l!D b)• Sal\-ese em aL • 970. Equa:loo. 68. 

I - I t J "; ( 00) 

\\"hen! i, is g:i\"5!1 by: 

f: l" ) = (; 0 Jt.r1J - .;t1: ·~ 
m S«Uoo Dl.1» per tmi: le:!lt~ 
, , be:n~ respo:!15e. 
11, pto~ 
G ISX~~. 
s to~ <h.:. -.axe :rom LCG . 
.x. ~ posinm of 5eetion of t.Dterest. 

( 81 ) 

'The 5Joction; i::l :bis mocirJLe :ue sec: up to calrul.Jte the \"Jlue of me ~ Ill all 
section; 3Dd tbe:t imegnte CT.'e" dJe appropn...lte SCCJ:iO:lS to ob:mn Cle s!lerJr farce a:ld 
bendin~ coiiEli5: i::Jiept:io:m are enlm:ed u.sm.g :be ~rule. 

'The bendlng DX)rrE!!Ji mpnd.s :!Xi! depe:ldem onCe section. 3.. 3[ which t!H: bendm,g 
:mollE:li is bem,g: a1!iln:l.-ed a:ld bexe need to be re-E\"3lmteci for each sa-cion. 

Hydrostatic (Restoring) Ccmponent 

This module calcu!..Jte; tbe \~a:J s~ forces 3Dd 'ben&:ng l"!llJ'M:U caa:po~ due to 
the hydr05't!:Lc ~Ollll.l fo:c:es. 
'The sectiao !ij'Ci::'o5otic restoring Loodmg m llear.e. r .. 15 gi\U by (Sal\e5ell et a!.. 1970. 
Equan.O!l 70l 

' l I btrl J - : 'I ) ( 81 ) 

'The 5.be3r fozce a: secccm X:: is calcula:ed by mregrwn~ me lo3dmg fulwJrd of the 
5eetiao of iDie.rest 1'1:ms the sbe:u force due to the hydro;:mc restori!:l.g :orce l.i gi\'el by : 

( &3) 

The be.Dd::io2 molDI!!:l: at semcm :a:., t5 g:i\1!11 by r.;at'~ et 31.. 1970, Eqm.nm 68): 

R.5 - Jlt r~d: ( 84 ) 

where r. t5 g:I\'ell by: 
I:C T - pgb(.;- T I IJ, -;t/,) 

b seGl.OQ W:::.&lme beam. 
, , be:n~ respo::l.SC. 
'1' plldl respaD.S-e. 
e exOUIItei ~. 
~ l~1Ddi:W <h.:. -:axe ~ LCG . 
.r, lo~tndi:::l.3l posiaoo. a: section of I1lie.1'e5t. 

( 85) 
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The fi.nxriom b chis !llOChlle are set up to ·calculate the ' -alne of th= tn:Bgr".:Jlds a: all 
3eetiom .:md tha:l mg:n:n.e ~w ilil! appropn:tte secrio:n; to ob:mn t!!le s!lerr furce a:Jd 
bendlng mom;m5: i::::tt~gr:atiom are e;~ nsu1g dle ~rule. 11le bend·ng 
momem integr::.nds :m! ~__od:m 00 me seal<m., !t_ : at wlridl :be bedmg mmoe:ot is 
be:blg a-aluJtt_::td a!ld baxl? need to be re-et.~:ed fa-eadl.;ection.. 

W3Vt! Excitation Componen 

'This module calrol.Jte5 the. 1.'8tiC!l sbea! :brces 3Dd belldmg mnmp:,~r campo:oe!lt! due ~o 
the ic.ddem Wa\'C exioticm futc€5. 

The se..-riao 'L\il\ 'e e::u :ir:an.O'Jl loadi:ng m be:n-e; l?t, 1S g;!\-m by (Sah-esa et 31.. 1970, 
E.q1m::i<m 73): 

( S6 ) 

H:n tile Frou<ii?-K:rilm- 5nu, ~ , a:nd ~ To'\111.-e- m;::;....:rtlon :Orre. ht. as crucnLatid m ~ 
h}\irod)~Ci mod!JJe: Llldude me \\"Ji\"e- an:;ti:tldf2 a:!ld To'\11[~ den&lty fu.ctm ~-

where e LS g:i\"20 by: 

fi ( Cl'o) = h'u - ; X}) -+ h1 I 
zl., 

hJ 

. 

.; 

CV 
1D sea:LO'!l Froude-Kmot· l\m--e :O:rte in bel\c. 
D secnm dlfT.:.cticm W3\.~ fax:= m be:n-e. 
exow:ner freque:ncy. 
l~mdi!W cll.;l:a:oce fi'am LCG . 
lo:ngt~ posiuon of sectioo of l.ll!e'ESt. 

( 87) 

( 89 ) 

The fi.IDc:rion; b chis mod.:de :ue set up to ,caJa.ti.Jle the ' '3lne of the m:e~ a: ill 
~ 3Dd the::l im2p3te o~w dJe ~oprilte 5ectio:s to ob:alD the slJeJr force 3:ld 
badin~ momems: i::::ttegrstion.; ~ e;'alm:ed llSlll,g me ~ n1le. 
The beJJdiD.g toomE!!!U mgm.Dds :ue depelldem em u.e ;ection, ~·. at which tbe beDdm;g 
mo!JElt is bemg a~:ed lUld ~e Deed to be re-evalmted fer each sectioD.. 

Hydrodynamic Component 

11ris Ir.Odule cal~ tbe t~ shea! ~ces and bendmg lmD1Slt c~ts due o 
hydrodymmic farces. 

The secrion hycfrodynm:ic loodi:ag in beat-e. d3. L.i gixm bj• (Salt"@SS!l et aL 1970. 
Equ:nm 79): 

( 90 ) 
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On cf:1ffermtlll:lllg the !lel\-e md pita aa:el.er:nOI!lS :!:ld \'!:loaties.. E.qu3tioo ( 90) uny 
be e:xpres.sed Ill terelS o: :be bea\'e 3Dd pi:c!laiq>lirudes. 

d, - r t'!nrl) (IJ. -: '1,h 1(1 )(IJ. - ;" ) l rbJIJ} f('_J{i aJ,, J ( 91 ) 

1'be ~ f«ee ~ seccon x.. is tbe::l gnu by: 

DJ =f .. dld.:-[;(/r.·»n ('h - '{_I}; ) r u (ll! - YtJJ; ~+ r;:n.ll'1s (92) 

1'be bendmg molllle!:l: at section :\0 is gt\--en by (S3h'e5ell ~ 3l t970. Equ:uio:18 ). 

D - j d,d.... ( 93 ) 

.wrthd •. 
d 1 "'~ l-~-: ,.nH-cra,,fq - ;TJ.) iC'Jb, (q, ;, )l· 

+ ioK:..o,fq.- -r,TJ, t+ Ub,(, ,- n,) 
( 94 ) 

where: 
a» ~D secccm 3dded m.155 m be:n"e. 
DQ ~D section ch t:qli!lg in be:n"!'. 
J7J !lm\'e 3lq)hmde. 
'1' pioc:h :m:plirude. 
CJJ eDCoomer ~· 
.; ' o_ogirud:.n.il d:ist:mce from LC G. 
x; looglrudm.Jl pos11ion of seaio:t o! imert!St. 

1'be fuoctioo.; in d:ti.s modll!.e 3J'e ~ q> co calm! :ttP the \-alue of :be ~ 31 :ill 
section; aod the!l imeg:r:ne 0\l!r the appropn.:ne seaio::!lS co ob:mn the ~ farce :t::ld 
bending mome::!ll5: i:negmtioo.; are ~ 'Jlm::ed U5lllg :be tropeZim:D rule. 

The bendmg molDE!!:l1 imegnmds 3J'e ~on tb= section. :& • at wbicb tbf: bendmg 
maml!lii is be.u:l.g e\":llu:l::ed :t::ld bexe need to be ~-aim ted for e3.Ch ;ecrioo. 

Calculation of u ncoup!ed ro II motion 

This secrio:t desc:n'bes the :Oimlll.Jtioo used to c~ the roll moaon. 

• EQ!P!Ion o1 moi'Jon for roll 

Equation of motion for ~I 

The \ tiiel'; roll tmticm :may be represemed by a secood o:rder di.5!ren11.al. equ3tian. sua 
35 tlt!.t de;aibmg a farced ;pring. lllli-S :md dm!per ;ystem. 

( 95 ) 

where tbe \"lL'dab!.es :ue de5.Ded ,as foOmn: 
~ 1'Mtl'lf="ll o! meril.3 !ar roll. 
.. i u added :i:1emJ c.oeffiriem f« roll 
Bu ~ coe:fficien: for roll. 
Cu hydrost!:lc re;:~ c.oeffi.dem far roll 
Ff roll e..~ moment at the E!DCOlm:l!r fnqueDc}• 6J, . 
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l1t ~roll disptacemmt. 
tj'

4 
~roll \-eJocrty. 

- ~roD acc:el.er:!.!icm. 
"· 

'l1ris equation tmy be~ i::l temE of the cbmpfng ratio, 

p _.. - 1144 . t9e mttttal frequeiJCJ of the syst!!m., o , - , ~J . 31ld 
~~c .. (l. + A.t J {f:z:-;u 

4<li.- . • ~~ "' ti>, 
liW: lUJliiig ~Lor. ~. --. 

(i) 

A; 3D asi., it trny be sba\\1l ,(b)• drft'a..-en;:JaDD.D of the! R.-\0 :fiocnou) t!l:u ~ d.>uqJed 
D..11DrnJ. ~acy is gi\'el by. 

~~-~.J1-2p'J 

1be roD ~ ftmction or response ftmdfon is men assumed to be gh--en by: 

RAOI'o)~ - TJ-4C~ =- l 
F~ ffL=" ).! f- ~p~;) .... ~ 

Soialy speakblg d:xis is the roil motion tmD.ife:r ftma:iao ~1.1!1 regard to w:n-e farce aM 
nm \\ln"!' 53~ hi:m"E\w. the m;o are a55m:ned to be the ss:ne. 

Tbe R.>\0 is tlJen modified fo:r ~.n·c ~ aod aP}kU eut "\\'3\'e slope so that tbe El-\0 ::.t 
off be3:l S.e::.i is gj\ 'ell by. 

R o\0 , (Jt) RA rtrt mt p) 

t!ms the roll R.l\0 i.5 zero in bead lllld foll.cn\Ting 5eJS a:ld 1m a ms:mm:an in beam. seas. 

In 11.-\.."XSURF :\~tiODS tbe req:u:ired p:mmle>:e,."'5 :!re de:em:ri:Ded :u follcnn. 
l t mass iD2.rt:i3 of\"ESsei mrolL 1 - k :: ~P J: innn-tbyuser 4 : .. · a ~-.... 
../.,, added l.llel'tia coe.ffiaem for roll .4_... = 0.31 <4. this i.5 an a-em,ge of \-alues 

:rom \-~~ (1968) all<! LJoyd (1998) 
p,; Ncon-di:melsL0!9a.l dampiilg mddem tor -roll iDpJt: b}' mer. 

c,, byd."TOStltk lle5tanllg coe.ffirieot for roll C44 - GM, \J pg , YC G ~ by 
u;er 

If ~;'!J)?IIm] facil:iti2S 3.1'e :i'\i!ihble. dle roll. ci1mpuJ.g c:m be obt:ri:9ed from 3 free
~y ·est of :b.~ roll motiOll.i. 1m! \C!Ssel is beeled 0\W to ooe .iide :::nd rueased. the roU 
amplitude i.; o:e::..sured snd plo~ed :~,~ time. The figure be.1or.v shw-s tbe th~tic.al 
~- of m-o ~sels \\lith ctifferan ct-:rnpimg coefficien::5. 
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RoiJ lrettodecay c um 

_______________ f- bem=Cl.075 

~., 

f· t-
• i 0 
n 

~ 
" .to -+--i:~-

TIIM [Sl 

By plo:ri:Jg ~ \-all»? of cme peU ag.Jillst tlle \ '3111? of 11.~ 1lB'I pP..Jk (the same em also be
do:ne for tlle rr~ to obom more chm). the ~on d'!rq>~J~,g c:.m be deri\-ed. 

bet:a0.075 ~akltro11p i ~011pi+l 
a:oll!!l1 JO OOO 18.755 

peak 1 23 752 !4.SOS 
o:om:!l2 18 755 ! 1.692 

peak2 14 80S 9.231 
~3 : 1 692 7.! 89 

p;>_ak 3 9 231 5 .754 
a-ow04 7 ::&9 4.544 

peak-3 5754 
:rou!:h 5 4544 

8.519 
3 6.183 
4 .5 18 
4 
5 
5 
6 
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~ I 

s 10 15 

,.. .. ftrru'Gh f+1. 

'=\ol ct ~es ~t"Ae ;,~u pes ~ ct reid pe1k. ~ ~ , c1r.1 fllr bcrl pe~ .vxs tnwgtt: 
'""'ye l:ieen P CIC1ed 

The IXm..dti!lf!,,siao.nJ. roll damping par:uDI!ler med :iD ~~.\..XSt."'RF Motions.. Pu. is gt\'E!:l 

by: 

R - h( ~lcpe ) 
"'•-' 2,~T 
TII!ls :ar me bet::!0.005 \-es.s.el. the 5l.ope lS : .6023, gi\"Dlg l da:qliog of0.075 (as 
expected) : slmil.:u:iy far tbe ber.aO. \1!Sscl, the slope is 1.87 4 7 gj\i::ng 31 ~mg of 0.100 

The free.d~a.y roll test c.m be stmUl.'ned :i:!1 ~~AXSua? Motions by c.boosi.ng Roll dec .. ay 
sitrnlarioo ope on m me Allal)-sis C3J.cul3:e Wa\"t' Su.'!f:ace dialog, theD ~ Dtsplll}· 
-~ 3..lld sa'1IIg the nme-se:ties ro a file.. 




